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Preface
The Institute of Safety Research (ISR) is one of the six Research Institutes of
Forschungszentrum Dresden-Rossendorf e.V. (FZD), which is a member institution of the
Wissenschaftsgemeinschaft Gottfried Wilhelm Leibniz (Leibnizgemeinschaft). Together with
the Institutes of Radiochemistry and Radiation Physics, ISR implements the research
programme „Nuclear Safety Research“, which is one of the three scientific programmes of
FZD.
The research of ISR aims at assessing and enhancing the safety and efficiency of industrial
plants and at improving the environmental sustainability of the processes involved. The
applications are mainly related to nuclear power plants of present and future designs.
To achieve the goals mentioned, the institute performs research in nuclear reactor physics
including transmutation of long lived waste, in thermal fluid dynamics including magnetohydrodynamics (MHD), and in nuclear materials sciences. The different research projects we
are dealing with, as well as our large scale thermal hydraulic test facility TOPFLOW
(Transient Two-Phase Flow Test Facility) are listed in Table 1 together with the assignment
to FZDs scientific programmes.
The activities in nuclear materials are related to the irradiation induced ageing of nuclear
reactor components. The thermal fluid dynamics research work is essentially based on the
experiments performed at the Transient Two-Phase Flow Test Facility, TOPFLOW.
TOPFLOW is one of the large research and user facilities of FZD and represents the reference
thermal hydraulic experiment of the so-called “German CFD (Computational Fluid
Dynamics) Initiative” in nuclear reactor safety research. The development and validation of
our reactor dynamics code DYN3D coupled to thermal hydraulic computation models for the
safety analyses of current and future nuclear reactors is the decisive asset of our reactor
physics portfolio. DYN3D became an integral part of the European software platform
NURESIM for the numerical simulation of nuclear reactors. There are about 12 organisations
using DYN3D in seven European countries and Russia.
By participating in the development and operation of the pulsed photo-neutron source at the
radiation source ELBE (Electron linear accelerator for beams of high brilliance and low
emittance), as well as in the interpretation of the measurements of neutron reaction cross
sections with candidate materials for future nuclear reactors and with radioactive waste
isotopes, we also contribute to the Transmutation project coordinated by the Institute of
Radiation Physics. Beyond that, our Magneto-Hydrodynamics research is partly engaged in
the “Advanced Materials” programme. There, it is devoted to the improvement of materials
manufacturing technologies by optimising the involved flow processes of electrically
conducting fluids through the application of external magnetic fields.
Table 1. Research projects and user facility of the Institute of Safety Research, 2008
Programme
Project / User Facility
Nuclear Safety Research
Accident Analysis of Nuclear Reactors
Materials and Components Safety
Thermal Fluid Dynamics of Multi-Phase Flows
Magneto-Hydrodynamics
Transmutation
Transient Two-Phase Flow Test Facility TOPFLOW
Advanced Materials
Magneto-Hydrodynamics

Our work is financed through the basic funding of FZD, as well as by external funds from
public research grants and from contracts with the industry. In 2008, 45 % (3.656 k€) of our
total expenditure were covered by such external funds with 13 % from research grants of the
Federal Government, 14 % originated from Deutsche Forschungsgemeinschaft, 6 % from the
EU, and 12 % from research contracts mainly with the industry (see Fig.1). The deployment
of the total budget on the different projects and the user facility TOPFLOW (see Table 1) is
illustrated in Fig. 2.
Together with the Dresden Technical University, the Zittau University of Applied Sciences,
and VKTA (Verein für Kernverfahrenstechnik und Analytik) Rossendorf, the ISR represents
the East German Centre of Competence in Nuclear Technology (Kompetenzzentrum Ost für
Kerntechnik) which in turn is a member of the German Alliance for Competence in Nuclear
Technology (Kompetenzverbund Kerntechnik). As such, the ISR also takes care to keep and
promote the expertise in nuclear engineering. For that end, a strategic partnership exists
between Kompetenzzentrum Ost and Vattenfall Europe Nuclear Energy (VENE).
Beyond this, ISR in general cares for the next generation of young scientists by supervising
PhD, Master, and Diploma students for example. The quality of the education at ISR is
underlined by the prizes awarded to our PhD students. Christoph Vallée received a best paper
award at the students competition of the 16th International Conference on Nuclear Engineering
in Orlando, USA in 2008 for his presentation about new experiments on steam-water counter
current flow limitation at the so called PWR hot leg experiment at TOPFLOW. Marco da
Silva and Sebastian Thiele became best paper award winners at the 5th International
Symposium on Process Tomography in Zakopane, Poland in 2008 for their paper on the
development of a wire mesh sensor that is based on the measurement of the complex
electrical impedance which allows flow measurements in mixtures of weakly electrically
conducting fluids like oil and air.
Amongst the many excellent results obtained in 2008, some deserve particular reference.
Andreas Ulbricht and Frank Bergner studied the ageing of nuclear reactor pressure vessel
(RPV) steels due to fast neutron irradiation. Relying on mechanical studies and small angle
neutron scattering analyses they could show that the thermal annealing of aged RPV material
leads to the dissolution of the irradiation induced microstructural defects and to an almost
complete reconstitution of the former mechanical properties. Moreover, a lowered sensitivity
to re-irradiation was observed. Additionally, they proved that different neutron fluxes resulted
in different defect size distributions but in roughly the same integral volume content of
irradiation induced defects at the same integral fluence. The underlying mechanism could be
explained by rate theory modelling. The corresponding mechanical tests revealed no
substantial difference in the fracture mechanical properties of the investigated materials
exposed to the same integral fluence at different fluxes. This fact substantiated the hypothesis
that the mechanical properties of the material under investigation are mainly determined by
the integral volume content of the defects, whereas the defect sizes seem to be of minor
influence. The systematic research and the results of far reaching consequence to the possible
operational lifetime of nuclear reactor pressure vessels (see the related article in this report)
were acknowledged with the Forschungspreis des Forschungszentrums Dresden-Rossendorf
2008.
Furthermore, I would like to highlight the Magneto-Hydrodynamics project of the ISR which
forms a major part of the Collaborative Research Centre (SFB) 609 on “Electromagnetic flow

control in metallurgy, crystal growth, and electrochemistry”. In autumn 2008, the German
Science Foundation (DFG) decided to continue funding for another 4 years. This means a
total funding period of 11 years for that innovative project pursued together with the Dresden
Technical University as leading institution and other partners from research centres and
universities in the vicinity of Dresden-Rossendorf.
Studies on the role of magnetic fields in astrophysics were also part of the former funding
periods of SFB 609 as well as of a common project (Wettbewerbsprojekt der
Leibnizgemeinschaft) of Astrophysikalisches Institut Potsdam (AIP) and the IRS. In the
framework of all that, Frank Stefani (IRS) and Günther Rüdiger (AIP) succeeded in clarifying
the role of magnetic fields in the creation of giant stars or black holes in the centre of cosmic
accretion discs. For their pioneering work, they earned the highly prestigious “Society Needs
Science 2008” award of the “Stifterverband für die Deutsche Wissenschaft” for their first
experimental demonstration of the Magneto-Rotational Instability (MRI) effect in the
PROMISE (Potsdam Rossendorf Magnetic Instability Experiment) experiment.
During the reporting period, the ISR organised important meetings and workshops with
international participation, such as the international workshop on “Multi-Phase Flow:
Simulation, Experiment and Application”, which was jointly hosted by ISR and
ANSYS/CFX®, and which continues the series of meetings on that topic in DresdenRossendorf. Moreover, we organised the International Symposium on Computational ElectroMagneto-Hydro-Dynamics which was held in Venice, Italy.
Meetings such as these underline the national and international scientific reputation of the
Institute of Safety Research.
In July 2008, the German Council of Science and Humanities (Deutscher Wissenschaftsrat)
published its recommendations resulting from the evaluation of FZD in 2007. The evaluation
report acknowledges the quality of the research at FZD and underlines the complexity and
long term character of our research topics. Based on this assessment, the Council
recommended that the FZD, presently being a Leibniz institute, should become a member of
the Helmholtz Association. According to the present schedule, FZD will step into the
Helmholtz Association at the beginning of 2011.
I would like to thank all staff members of the institute for their high quality work and for
making the year 2009 another successful one for ISR.

F.-P. Weiß

Rossendorf, 7 April 2009
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Selected reports

COMPARISON OF AIR/WATER AND STEAM/WATER FLOODING
EXPERIMENTS IN A MODEL OF THE HOT LEG OF A PWR
Christophe Vallée, Tobias Seidel, Dirk Lucas, Matthias Beyer, Horst-Michael Prasser1,
Heiko Pietruske, Peter Schütz, and Helmar Carl
1.

Introduction

In pressurised water reactors (PWR), different scenarios of small break Loss Of Coolant
Accident (LOCA) lead to the reflux-condenser mode in which steam enters the hot leg from
the reactor pressure vessel (RPV) and condenses in the steam generator. A part of the
condensate flows back towards the RPV in counter current to the steam. During the refluxcondenser mode, a counter-current flow limitation (CCFL) should be prevented because this
might affect the core cooling. The simulation of CCFL conditions, which is dominated by 3D
effects, requires the use of computational fluid dynamics (CFD) methods. These methods are
not yet mature for two-phase flows and have to be validated before they can be applied to
nuclear reactor safety. Therefore, dedicated experimental data is needed with high resolution
in space and time.
In order to investigate the two-phase flow behaviour in a complex reactor-typical geometry
and to supply suitable data for CFD code validation, a model of the hot leg of a pressurised
water reactor (PWR) was built at Forschungszentrum Dresden-Rossendorf (FZD). Countercurrent flow limitation (CCFL) experiments were performed with air and water at room
temperature and pressures up to 3.0 bar as well as with steam and water at pressures up to
50 bar and the corresponding saturation temperature of 264°C. One selected 50 bar
experiment is presented here. High-speed camera images are shown as well as the flooding
curves obtained from the different experimental runs in terms of the Wallis parameter, which
is commonly used in the literature. However, using this non-dimensional parameter, a
discrepancy is observed between the air/water experiment on one hand and the steam/water
experiments on the other hand. Therefore, a modified Wallis parameter is proposed, which
takes into account the effect of the fluid viscosities on the CCFL.
2.

The hot leg model

The hot leg model (Figures 1 and 2) is devoted to optical measurement techniques. Therefore,
a flat test section design was chosen with a width of 50 mm. The test section outlines
represent the hot leg of the German Konvoi PWR at a scale of 1:3, which corresponds to a
channel height of 250 mm in the straight part of the hot leg. The test section is mounted
between two separators, one simulating the reactor pressure vessel (RPV) and the other is
connected to the steam generator (SG) inlet chamber. This allows to perform co-current as
well as counter-current flow experiments. Moreover, the hot leg model is installed in in the
pressure vessel of the TOPFLOW facility of FZD (Figure 2), which is used to perform highpressure experiments under pressure equilibrium with the inside atmosphere of the vessel.
Therefore, the test section can be designed with thin materials and equipped with large
windows like in the hot leg model. The presented two-phase flow experiments focus on the
flow structure occurring in the region of the riser and of the steam generator inlet chamber
during counter-current flow before and around the onset of flooding.

1

ETH Zürich, Department of Mechanical and Process Engineering, Zürich (Switzerland)

3

glass window
gas inlet

gas
outlet

RPV
simulator

water inlet

steam
generator
separator

Fig. 1: Schematic view of the hot leg model test section (dimension in mm)

Fig. 2: Schematic view of the experimental apparatus
3.

Experiments and results

3.1.

Experimental procedures and phenomenological analysis of a typical experiment

During the experiments, a constant water flow rate was injected into the SG separator, while
the gas flow rate injected into the RPV simulator was stepwise increased to reach the flooding
conditions. Global parameters were measured, including the injected flow rates of gas and
water, the system pressure, the water levels inside both separators, and the pressure drop over
the test section. These signals were acquired at 1 Hz on a PC and synchronised with a highspeed video camera for visual observations of the flow structure. One of the experiments was
chosen here to describe the observed phenomena and to explain the methodology used to
analyse the measured data. This run was performed at the following boundary conditions: a
system pressure of 50.0 bar, a temperature of about 262°C, and a water flow rate of 0.72 kg/s.
The analysis of the evolution of the global parameters over time (Figure 3) allows to
characterise the flow behaviour. Especially the water levels measured in the separators and
the pressure difference between them give indication of the flow regime. Furthermore, the
increase of the water level in the RPV simulator allows to measure the water flow rate
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Fig. 3: Steam mass flow rate (top diagram, red curve), pressure drop over the test section (top
diagram, green curve), water level in the RPV simulator (bottom diagram, blue curve) and in
the SG separator (bottom diagram, purple curve) during the CCFL experiment at 50 bar
streaming through the test section (discharge flow). This indicates the onset of flooding and
the intensity of the counter-current flow limitation. Therefore, linear interpolation lines were
added to the measured water level in Figure 3. Based on the trend indicated by these lines, the
experiment was divided into 3 regions:
I. For a steam flow rate lower than 0.82 kg/s (t < 65 s), the water level in the SG
separator is constant and the slope of the water level increase in the RPV simulator corresponds to a water flow rate of 0.71 kg/s, which is very close to the injected mass flow rate.
This indicates a stable counter-current flow, confirmed by the camera images (Figure 4-a),
which is characterised by a constant and very low pressure drop over the test section
(< 0.2 kPa).
II. At t = 65 s, the steam flow rate is increased to about 0.94 kg/s (±0.02). Immediately, the pressure difference between the separators increases, indicating the beginning of the
counter-current flow limitation. With a delay of about 5 s, the slope of the water level in the
RPV simulator decreases to a discharge water flow of 0.23 kg/s. Consequently, the water
level in the SG separator increases significantly. Furthermore, the pressure difference between
the separators becomes unstable and fluctuates between 1 and 2.5 kPa due to the slugs
generated in the hot leg (Figure 4-b).
III. For 105 < t < 150 s, the steam flow rate is slowly increased to values up to
0.99 kg/s. This further reduces the discharge water flow to a minimum of 0.08 kg/s and the
pressure drop over the test section increases up to values higher than 4 kPa. The camera
pictures (Figure 4-c) reveal a highly mixed two-phase flow: big slugs are observed which
flow up the riser and transport water into the SG separator where it accumulates.
5

The slight decrease of the steam flow rate at the end of the experiment leads to a decreasing
CCFL intensity after t = 150 s, which is similar to the processes observed during deflooding
experiments. The flow conditions described here are similar to those observed during the
air/water experiments reported in Deendarlianto et al. (2008).

water
steam

(a) t = 60.00 s

(b) t = 80.25 s

(c) t = 125.28 s

 L = 0.72 kg/s and
Fig. 4: Flow behaviour during steam/water counter-current flow at m
p = 50.0 bar
3.2.

Flooding characteristics of the hot leg model

The plot of the gas flow rate versus the discharge water flow rate during CCFL is called the
flooding characteristics. In order to automatise the arrangement of the flooding diagram, a
data treatment routine was developed. This includes a low-pass filter for the calculation of the
water level gradient in the RPV simulator in order to obtain the discharge water flow rate.
Finally, only the quasi-stationary points obtained after the onset of flooding were selected for
the flooding curve. Commonly, the results of CCFL experiments are presented in terms of the
non-dimensional superficial velocity Ji* (also called Wallis parameter) For the phase i, this
was defined by Wallis & Dobson (1973) for near horizontal channels with rectangular crosssection as follows:
ρi
1
*
⋅
(1)
J i = ji ⋅
g ⋅ H ρ L − ρG
where j is the superficial velocity and ρ the density of the fluid (indicated by L for the liquid
and G for the gas), g the gravitational acceleration and H the height of the channel. The Wallis
parameter takes into account the effect of the pressure on the fluid densities. In the past, the
Wallis parameter was used by many researchers to correlate CCFL data obtained in hot leg
typical geometries (i.e. a horizontal tube connected to a riser): among others Richter et al.
(1978) and Ohnuki (1986) who performed experiments at reduced scales, as well as Weiss &
Hertlein (1988) who published results obtained at original power plant scale in the Upper
Plenum Test Facility (UPTF).
For all the experiments (see details in Table 1), the points belonging to the flooding curve
were plotted in terms of the Wallis parameter in Figure 5. The figure shows the typical
decreasing trend of the experimental points, indicating that after the onset of flooding an
increase of the gas flow rate induces a decrease of the discharge water flow rate. Furthermore,
Figure 5-a reveals a clear separation between the air/water experiments on one hand and
steam/water experiments on the other hand. The zero penetration point (interception of the
flooding curve with the ordinate axis) occurs at higher non-dimensional gas superficial
velocities for the steam/water experiments compared to the air/water experiments.
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Fig. 5: Flooding characteristics of the hot leg model plotted in terms of the Wallis parameter
Table 1: Overview on the CCFL experiments
Gas [-]
Pressure [bar]
Temperature [°C]
Flooding runs
Deflooding runs
3.3.

Air
1.5
18-24
5
1

Air
3.0
18-24
7
8

Steam
15.0
197
3
3

Steam
30.0
232
2
2

Steam
50.0
262
4
2

Total number
of runs
[-]
21
16

Proposition of a viscosity correction term for the Wallis parameter

As shown in the previous sections, our flooding data could not be described with one single
correlation while using the classical Wallis parameter. One possible reason explaining this
discrepancy between the air/water experiments on one hand and steam/water experiments on
the other hand could be an overestimation of the real steam flow rate due to condensation.
However, this would mean that about 30% of the measured steam mass flow rate (i.e. about
0.3 kg/s at 50 bar) have condensed before arriving to the test section. Such a condensation
amount can be excluded because during other experimental series, steam flow rates down to
0.075 kg/s were injected and steam also reached the test section.
Therefore, the effect should be of physical nature and a non-dimensional group may be found
to correlate the data and explain this discrepancy. From a dimensional analysis of the fluid
properties, it was found that apart from the gas density, the viscosity of the liquid water varies
significantly with the boundary conditions: from 1.0 x 10-4 Pa·s at 264°C to 1.2 x 10-3 Pa·s at
13°C. Since the Wallis parameter does not include the viscosity, different other nondimensional parameters containing it (like the Reynolds and Ohnesorge number) or
combinations of these parameters were tested, without success. Finally, a dynamic viscosity
ratio correction term was multiplied with the Wallis parameter as follows:
⎛μ
X i = J i ⋅ ⎜⎜ i
⎝ μk
*

*

7

n

⎞
⎟⎟ with k ≠ i
⎠

(2)

The exponent n was determined empirically in order to best correlate the data to -0,2. The
result shown in Figure 6 demonstrates that with this correction term, a good correlation can be
achieved between the low pressure air/water experiments and the high-pressure steam/water
experiments. No comparable experiments performed in one and the same facility were
published in the past. Only experiments at atmospheric pressure conditions for both fluid
combinations were found (e.g. Ohnuki, 1986), where the viscosity varies only over a factor of
about 3. Because the flooding characteristics depend also strongly on the test section
geometry, the effect of the viscosity of the liquid water on the counter-current flow limitation
was not isolated in such details before.
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Fig. 6: Flooding characteristics of the hot leg model plotted in terms of the modified Wallis
parameter
4.

Summary and conclusions

The counter-current flow limitation was investigated in a flat model of the hot leg of a
pressurised water reactor. Experiments were performed with air and water at low pressure and
room temperature and with steam and saturated water at reactor typical pressure conditions.
As an example, one experiment was presented and analysed. High-speed video observations
show that the flow structures observed during flooding do not differ qualitatively between
both series of experiments.
Furthermore, a numerical data processing method was developed and the resulting flooding
curves were plotted in terms of the classical Wallis parameter. Using this non-dimensional
parameter, the flooding was obtained at higher non-dimensional gas superficial velocities with
steam and water compared to the air/water experiments. In order to explain this discrepancy, a
correction term for the Wallis parameter is proposed, which takes into account the effect of
the fluid viscosities on the flooding. This parameter allowed a good correlation between the
experiments performed at 5 different pressure levels ranging from 1.5 to 50 bar and
temperatures of 18 to 264°C.
The higher gaseous Wallis parameter needed to reach flooding with steam and water
compared to air and water indicates that the correlations currently implemented in the one
dimensional system codes like RELAP5, principally based on air/water experimental data, are
8

conservative. Therefore, the found discrepancies show that the safety margin before flooding
taken into account in the actual reactor safety analyses is probably bigger than intended.
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INFLUENCE OF AIR ENTRAINMENT ON THE LIQUID FLOW FIELD
CAUSED BY A PLUNGING JET
Eckhard Krepper, Sören Alt1, and Stefan Renger1
1.

Introduction

The paper presents the role of plunging jets in the context of the strainer clogging issue.
During a LOCA debris of thermal insulation might be released near the break. Fractions of the
released insulation fibers can be transported into the reactor sump, where they may block the
sump sieves and perturb the emergency core cooling systems. According to the considered
scenario, the water ejected by the anticipated break falls several meters on to the sump water
surface. On its way, the jet is mixed with air. Furthermore, air bubbles are entrained by the
impinging jet below the water surface. The entrained gaseous bubbles will rise and have an
additional influence on the flow field. The jet-induced flow sensitively influences the fiber
transport.
2.

Basic investigations of the plunging jet

To investigate the influence of a plunging jet on the water flow field, experiments were
performed in a Plexiglas tank of about 1*1*1 m at the University of Applied Sciences
Zittau/Görlitz. High-speed video techniques enable the measurement of the bubble
entrainment plume. For the presented CFD model approach, the phenomenon of the air
entrainment by the jet was not modeled but, given as boundary condition. The focus of the
presented calculations emphasizes the influence of the entrained gas on the liquid flow field.
Correlations on gas entrainment at a plunging jet were published by different authors, e.g. by
Bin (1993).
For the parameters in the range of interest here, Bin calculates the volume flow rate of
entrained air QG as
QG = 0.04QW Fr

0.28

⎛ H
⎜⎜
⎝ d OF

⎞
⎟⎟
⎠

0.4

(1)

where Fr is the Froude number defined by
Fr =

2
VOF
gd OF

The penetration depth is estimated as:
4/3
Z Bin = 0.42VOF
d OF QG−1/ 4

(2)

(3)

QW is the water volume flow, H the distance of the jet outlet nozzle from the tank surface, dOF
the impact diameter of the jet and VOF the jet velocity at the water surface. QG is the volume
flow rate of entrained gaseous bubbles. Assuming a jet impact velocity of 3 m/s and an
impingement diameter on the surface of 0.05 m, the volumetric flow rate of entrained air, QG,
calculated according to equation (1) amounts to 0.2QW. The corresponding maximum gas
penetration depth was calculated by equation (3) to be in the range of 0.5 m.
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Fig. 1: CFD simulation of the jet experiment Fig. 2: Influence of the air entrainment on
the liquid on the liquid velocity profile
Fig. 1 gives a sketch of the situation calculated by the CFD code. In the 3D simulation using a
grid of 120000 cells, an Euler/Eulerian approach was applied. The liquid phase was simulated
using a shear stress turbulence model. For the gaseous phase, a bubble diameter of 4 mm was
assumed. In the momentum exchange between the phases the drag force, the turbulent
dispersion force and the lift force were considered. The water and gas velocity and the gas
volume fraction α at the inlet were set as a boundary condition. The injected amount of water
is drained via the outlet at the bottom. The gas leaves the tank via the surface of the tank. Fig
1 shows the gas streamlines of the calculated gas velocity field.
The maximum gas penetration depth of ca. 0.5 m predicted by eq. (3) is confirmed by the
CFD calculations. Fig. 2 presents profiles of the vertical liquid velocity in a depth of 0.2 m
(marked in Fig. 1). For the cases without and with air entrainment, the influence of the gas
entrainment on the liquid velocity field near the jet can be seen. The entrained bubbles near
the jet rise and reduce the water velocities.

Fig. 3: Water streamlines neglecting the air
entrainment

Fig. 4: Water streamlines considering the
air entrainment
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This phenomenon influences the water flow field in the whole tank. Figures 3 and 4 show the
water streamlines projected on a middle plane. In the single-phase case (Fig. 3), two vortices
emerge near the bottom. In the two-phase case (Fig. 4), the rising air bubbles move the water
upward. The vortices are shifted upward and point in the direction opposite to the one phase
situation.
3.

Flow phenomena in a 6 m pool

3.1.

Influence on the water field

The gas entrainment of the impinging jet even influences the flow field observed in a larger
pool having the dimensions equivalent to containment sump geometries. The experiments
referred to were performed at the “Zittauer Strömungswanne” (length of 6 m, a depth of 1 m
and a water height of 2.6 m) at the University of Applied sciences in Zittau.

inlet

outlet
Fig. 5: Water streamlines projected on a middle plane. The black lines mark the
measurement position of the water profiles of horizontal velocity (see Fig. 6)
For the 3D simulation, a grid of about 750000 cells and the same model options were applied
as in the investigations presented in section 2. The water jet was injected at the marked inlet
position at the upper left side. Leaving a tube with 3 m/s the jet has a velocity of ca.
VOF = 5 m/s at the water surface. The jet diameter at the water surface was assumed to be
0.15 m. In the calculations where air entrainment was considered, a gas volume fraction of
QG/(QW + QG) at the inlet of about 0.2 was applied. The water is drained at the lower right
side. Air moves into the pool down to a depth of 1.7 m, rises again and degasses via the water
surface. Fig. 5 shows the resulting flow field represented by water streamlines projected on a
mid-plane. A large swirl was established, which rotated in the clockwise direction.
During the experiments, the horizontal velocity (x-direction) was measured by a vane wheel
at different positions marked by the lines in Fig. 5. The measured und calculated vertical
profiles are compared in Fig. 6. Whereas in the lower region a backward flow is seen, in the
upper regions a positive flow was found towards the drain outlet, which was of the same order
of magnitude as in the calculations. The occurrence of the large clockwise rotating swirl was
clearly reflected by the calculations. Small differences in the profiles might be caused by an
insufficient reproduction of the location of the swirl centre.
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Fig. 6: Measured and calculated profiles of horizontal water velocity at different positions
(compare Fig. 5)
In Fig. 6 the influence of the jet velocity on the establishment of the large swirl direction was
investigated by experiments. Whereas for jet velocities lower than 1.5 m/s a swirl in counter
clockwise direction was determined, for higher jet velocities the swirl in clockwise direction
was found.
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Fig. 7: Measured horizontal water velocity at different heights at the position x = 3.0 m for
different jet velocities
3.2.

Effect on the fiber transport

CFD calculations also reveal the consequences of air entrainment upon the fiber transport.
About 1.6 kg fibers were added to the jet injection over a certain period of time (between 5
and 35 s in the simulations described here). The fibers were modeled as a dispersed phase of
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virtual particles as described by Krepper et al. (2008). The water swirl moves the injected
fibers backward to the region just below the plunging point. Large amounts of fibers are
accumulated in the swirl and hold in the pool before they reach the outlet (see Fig. 8a). This
behavior however depends on the flow situation. A different flow picture is found with a
lower water injection velocity VOF of only 1.5 m/s, presented in Fig. 8b). For this case, the gas
volume fraction at the inlet was set to 0.1 instead of 0.2 as for the 5 m/s case. The same
integral fiber mass was injected for the same time period. In this case, the entrained air
reaches a depth of only 0.7 compared to 1.7 m in the case of 8a). The large water swirl now
rotates in the counter clock direction. The fibers move directly to the outlet.

b) VOF = 1.5 m/s

a) VOF = 5 m/s

Fig. 8: Water streamlines projected on a middle plane for different jet inlet velocity VOF.
Deposited fibers at the bottom of the pool are shown as isosurface of the fiber phase

Fig. 9: Observed (upper) and calculated (lower picture) fiber distribution at the bottom of the
pool after an experiment with VOF = 5 m/s jet (compare Fig. 7a)
The upper picture of Fig. 9 shows the observed fiber deposition after an experiment at the
facility in Zittau. The lower picture of the calculations shows that the same characteristics of
fiber deposition could be found. Directly below the jet, marked by a circle in the calculated
picture, a zone free of fibers is established. Most of the fibers are accumulated in the middle
of the tank.
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Fig. 10 shows the integral fiber content in the pool for the two cases of jet velocity. In the
case VOF = 1.5 m/s the fibers are transported directly to the outlet. Almost all fibers left the
pool after 300 seconds and are respectively deposited at the strainers (see Fig. 11). In the case
of VOF = 5 m/s large amounts of fibers are accumulated in the pool for a longer time. This
accumulation was caused by the clockwise rotating swirl. Consequently the fiber mass left the
pool respective deposited at the strainers is much lower (see Fig. 11).
4.

Summary and outlook

CFD is able to calculate the main flow characteristics during plunging jet situations. The
establishment of the large swirl caused by the entrained air and its consequences on the fiber
deposition pattern could be measured in the experiments and calculated in the simulations.
Applying CFD methods for the described problem gives at least a qualitative description of
the flow phenomena and the determination of resulting consequences on the fiber transport is
possible. The CFD-simulation of real sump scenarios however during an anticipated accident
has to consider thousands of problem seconds and therefore may fail due to the large
computational effort required.
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EMPIRICAL AND NUMERICAL STUDIES ON GAS ENTRAINMENT
BY IMPINGING JETS
Dana Veronica Danciu and Martin Schmidtke
1.

Introduction

This work concerns experiments as well as CFD simulations on the gas entrainment for the
impinging jet configuration. A water jet impinging on a free surface of a pool causes air
entrainment as soon as the jet velocity is high enough (inception velocity). A swarm of
bubbles appears below the surface as result of the impingement. Impinging jets may be
applied in industrial processes and also of relevance to nuclear reactor safety. One example is
the emergency core cooling (ECC) injection into a partially filled cold leg, which occurs in
some scenarios of loss of coolant accidents at Pressurized Water Reactors. In this case, the
injected cold water impinges as a jet on the surface of the hot water. Depending on the
velocity of the jet, steam bubbles may be entrained below the surface by the impinging jet.
These bubbles contribute to heat exchange and mixing of the fluids. Heat transfer between
cold and hot water and mixing in the cold leg play an important role since the mixed water
enters the reactor pressure vessel and may cause high temperature gradients at the wall of the
vessel (pressurized thermal shock). Another scenario for the occurrence of plunging jet
phenomena can be found in the case of a pipe break. The water released from the break can
fall as a jet into the reactor sump and transport insulation material towards the sump strainers.
Many experiments have been carried out on impinging jets. The comprehensive overview by
Bin, 1993, reveals that the results depend critically on the individual setup (e.g. the nozzle
geometry) and it is difficult to draw general conclusions. Data with high resolution in space
and time are required for the qualification of Computational Fluid Dynamics (CFD) models
for such flow situations. Therefore a new experimental setup was designed and first CFD
simulations were done for these experiments.
2.

The experiment

Figure 1 shows a schematic of the experimental setup. The experiments were carried out in a
0.3m x 0.3m x 0.5m water tank constructed from transparent acrylic walls for visualization
purposes. The water level in the tank was kept constant at 0.28 m throughout the experiments.
Tap water was pumped out of the tank and re-injected through a smooth 6 mm diameter,
50 mm long steel pipe used as nozzle to produce a vertical falling round jet. A rotameter was
used for the measurement of the flow rate. Images of the impact region between the jet and
the water pool were captured by a high-speed camera. For each experimental condition, a
sequence of images of the region below the surface was taken. The camera was operated with
a frame rate of 200 frames per second. Backlighting with high luminosity LED panels was
used during the experiments in order to have a proper exposure at the required image rate.
Experiments were performed for different nozzle heights (Lj in Figure 1) and volumetric flow
rates, with both tap- and de-ionized water. The velocity of the jet ranged between 0.9 m/s and
2.5 m/s at the nozzle exit and the jet length was varied between 0.01 m and 0.2 m. For a given
water velocity v0 inside the pipe which is used as nozzle one obtains the impact velocity vj by
assuming free fall over the full jet length Lj.
v j = v02 + 2 g L j
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(1)

Fig. 1: Experimental setup
A nozzle Reynolds number is calculated based on v0, the pipe diameter (6 mm) and the
material data of water. In the experiments described below the nozzle velocity v0 is varied
between 1.1 and 1.8 m/s. Thereby the pipe Reynolds number based on its diameter varies in
the range 6500 < Re < 11000, so that the liquid flow inside the nozzle can be expected to be
fully turbulent. In general, one expects that the gas entrainment increases with the turbulence
generated inside the nozzle (i.e. the nozzle Reynolds number) and with the impact velocity of
the jet vj.

Fig. 2: Test matrix. Entrainment regime in dependency of the jet length Lj and the impact
velocity vj . Dashed lines: Series for constant nozzle exit velocity v0
Fig. 2 shows the test matrix of the experiments performed at the Forschungszentrum DresdenRossendorf. In the literature [2], different entrainment regimes have been noted: No
entrainment, incipient/intermittend entrainment (i.e. one bubble or a bubble pack only over a
period of several seconds) and continuous entrainment. Remarkable is the fact that if v0 is
kept constant and the jet length is increased, a non-monotonous entrainment behavior can
occur. This is most obvious for v0 = 1.2 m/s, where no entrainment is observed for
Lj = 1.5 cm, some entrainment for Lj between 2.5 cm and 5 cm, no entrainment again for
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higher jet length, etc. (see corresponding dashed line in Fig. 2). Varying the jet length at a
constant v0 changes the jet diameter at the impact point and the momentum transfer from the
jet into the pool.
The “roughness” of the jet plays an important role in the occurrence of air entrainment. To
prove the importance of the jet surface disturbances in the entrainment process, our
experiments include tests where a 7.5 cm long jet which did not entrain air was disturbed with
a thin needle. Due to the appearance of waves and thus an increase of the surface roughness of
the jet, air entrainment takes place. We also observed that if the tip of the needle barely
touches the jet, only a small number of bubbles appears (Fig. 3).

a)

b)

c)

Fig. 3: Sequence presenting the influence of jet surface disturbances on air entrainment
a): undisturbed jet; b): superficial disturbance; c): deep disturbance
The amount of entrained bubbles does not increase monotonously with the jet length or the
impact velocity (c.f. the data series for v0 = 1.2 m/s discussed above). This indicates that
different mechanisms contribute to gas entrainment. Particularly uneven surface structures of
the jet can trigger bubble generation [3]. Due to Rayleigh instabilities surface waves may
arise, which propagate downwards. These waves grow with the jet length. On the other hand,
the turbulence of the liquid inside the nozzle also contributes to the “surface roughness” of the
jet. This turbulence decreases along the jet due to eddy dissipation. The exact reason of the
non-monotonous entrainment cannot be identified in this experiment, since turbulence
parameters are not measured. However, if the jet length Lj is kept constant and the nozzle
Reynolds number is increased step by step then gas entrainment increases monotonously –
either due to increasing turbulence generated inside the nozzle or due to the increasing impact
velocity vj. If the impact velocity is higher than 2.2 m/s or the nozzle exit velocity v0 is higher
than 1.4 m/s, entrainment is observed in any case (c.f. Fig. 2).
For a more quantitative description of the gas entrainment the geometry of the gas plume is
measured. The so-called “penetration depth” of a plume is the distance of the lowest bubbles
to the surface. Due to the fact that the plume fluctuates, one cannot refer to the penetration
depth at a certain moment. Therefore, images are subdued to background subtraction, removal
of the small air bubbles at the walls and averaging. Our algorithm averages over 2000 frames,
corresponding to a time interval of 10 s. It is noticeable in the averaged imagines that the
lower tip of the bubble plume rarefies; meaning that only a small amount of bubbles travels
that deep. Integrals of the grey values are calculated on horizontal lines across the time
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averaged plume image. The height, where the integral value falls below 10% of its maximum
is defined as penetration depth. Fig. 4 shows an example of the penetration depth variation for
two different nozzle exit velocities, but identical impact velocity, vj = 2.5 m/s. The
penetration depth of the plume decreases with the amount of gas entrained. The difference
between the two cases is obvious. The plume becomes denser with increasing velocity v0. Due
to the bubble drag the water jet below the water is decelerated and the plume retracts towards
the surface of the water.

a) v0=1.8 m/s, Lj=15 cm: snapshot(left) and
time averaged picture (right)

b) v0=2.2 m/s, Lj=7.5 cm: snapshot(left) and
time averaged picture (right)

Fig. 4: Example of the penetration depth variation for constant impact velocity vj = 2.5 m/s,
for two different nozzle exit velocities and jet lengths.
According to Bin [1], the penetration depth Hp can be calculated as

H p = 2.1v0j .775d00.67

(2)

where d0 is the nozzle exit diameter. This means that for constant impact velocity, the
penetration depth should be constant, (e.g. Hp = 14 cm for vj = 2.5 m/s and d0=6mm). The
experimental values of the penetration depth are found in the range given by Bins’ formula,
whereas different penetration depths were observed for identical impact velocity and nozzle
diameter at different nozzle velocities and jet lengths (e.g. Hp = 17.2 cm obtained for the jet in
Fig. 4a and Hp = 14.4 cm obtained for the jet in Fig. 4b). Bubble sizes were estimated from
single images by means of image processing through subsequent background subtraction, cell
segmentation, bubble detection and bubble size calculation using a Hough transform based
algorithm. The Sauter mean diameter was about 3 - 4 mm, in agreement with data from the
literature [1].
3.

Simulations

CFD calculations have been performed for the given setup. It is not possible, to resolve all
physical phenomena in a practical CFD calculation. Here, the water tank dimensions are in
the range of decimeters whereas the film around the jet and the breaking-up of this could only
be resolved on a sub-millimeter scale. This holds also for small interface structures on the jet
surface such as capillary waves or “surface roughness” due to turbulence. Therefore in the
present simulations all phenomena above the water level are omitted and a jet with a given
gas void fraction is injected into a liquid tank through an inlet. For simplicity a 2Daxisymmetric domain is chosen, with the inlet (r = 3 mm) near the axis of symmetry, a
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degassing zone at the top (for the free surface) and walls at the side and at the bottom. So the
simulated tank geometry is a cylinder rather than a cuboid with a quadratic base. Since all
relevant phenomena occur near the jet axis, this difference ought to be negligible. The radius
of the domain is 15 cm and the height is 28 cm to keep the geometry as similar to the setup of
the experiment as possible. A water outlet is located at the bottom near the outer wall. Similar
to the jets displayed in Fig. 4, a liquid jet with a velocity of 2.5 m/s is injected into the
domain.
The calculations are performed using the ANSYS CFX-11 software. After about 3 seconds of
simulated physical time, transient Euler-Euler RANS-calculations become steady. Here, the
k-epsilon turbulence model is applied for the continuous liquid phase. The gas is modeled as a
dispersed phase with a bubble diameter of 3.5 mm (no turbulence model). The gas void
fraction fields and the velocity field of the solution are investigated with respect to the
penetration depth of the plume. From the gas void fraction fields one can not identify a sharp
plume edge to determine a penetration depth. However, by plotting isolines for zero vertical
gas velocity, one obtains a distinct depth near the axis, below which gas is not transported in
the simulation (isolines far away from the plume are meaningless, since gas is not present
here). This depth is 25 cm for 5% gas (Fig. 5a) and 18 cm for 20% gas at the inlet (Fig. 5b).
The simulations presented in Fig. 5 were performed using the Grace drag law, and a turbulent
dispersion force according to Lopez de Bertodano with CTD = 0.5. If the lift force [4] is
included, a region of high gas void fraction develops near the axis (Fig. 5c). Gas is trapped
here.

a)
b)
c)
Fig. 5: Gas void fractions of two-phase jets injected in water with a velocity of vj=2.4 m/s
a) 5% gas in the inlet; b) 20% gas; c) 20% gas with lift force.
White curves: isolines for zero vertical gas velocity. Note the different colour scales
This is physical to some extent, since according to Tomiyamas law bubbles with an
equivalent diameter below 4 mm have a lift coefficient CL about +0.3, and due to this positive
lift coefficient they migrate in vertical shear flows into the region of faster counter-flow. In
the impinging jet scenario the bubbles migrate towards the axis. In Fig. 5c the effect of the lift
force seems to be overestimated. In fact, the Tomiyama law was obtained from experiments
with single bubbles only and may not be valid at high gas void fractions. In addition to this, in

20

regions of high gas holdup, coalescence and breakup widens the bubble size distribution, i.e.
the assumption of a monodisperse gas phase is no longer reasonable.
Although the penetration depths of the simulated plumes are more or less similar to those
observed in the experiment, a direct comparison is not possible: In the simulation the gas void
fractions of the injected two-phase jets are chosen deliberately. In the experiment neither the
gas void fraction nor the velocity fields have been measured because sensors massively
obstruct the jet. For example a substantial deformation of the plume is observed, if a wiremesh sensor is installed near the plume. A non-intrusive technique for measuring gas void
fractions and gas fluxes is high-speed X-ray tomography, which is currently developed at the
Forschungszentrum Dresden-Rossendorf. Where the gas void fraction is low, Particle Image
Velocimetry (PIV) can be used to measure the liquid velocity. Of course, tracer particles
cannot be tracked optically inside dense plumes. Experiments on plunging jets with PIV are
under way, so that it will be possible to compare liquid velocities with simulated values at
least outside the plume. In the emergency core cooling scenario described in the introduction,
physical processes on the surface of the free falling jet play an important role (e.g. heat and
mass transfer). Therefore simulations related to this scenario have to include the region above
the water level. One approach for controlling and modeling gas entrainment in CFD
calculations of impinging jets including the water surface is discussed in [5].
4.

Summary and outlook

The development of the plume of entrained bubbles below an impinging jet has been investigated in an experiment and by CFD simulations. The penetration depth of the plume
decreases with increasing quantities of entrained gas in both experiments and simulations.
This is due to the fact that the momentum of the liquid jet below the water level is reduced by
friction with the rising bubbles. For a better comparison of the experiments and CFD calculations, non-intrusive measurements of gas void fractions and velocity fields below the jet
are needed such as high-speed computer tomography.
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MEASUREMENT OF HYDRODYNAMICS IN FIXED BEDS WITH
ELECTRICAL CAPACITANCE TOMOGRAPHY AND CAPACITANCE
WIRE MESH SENSOR
Marco Jose da Silva, Bartosz Matusiak*, Krzysztof Grudzień*, and Uwe Hampel
1.

Introduction

Trickle bed reactors are widely used in the manufacturing of petroleum-based products and
fuels, as well as in the production of various chemicals and pharmaceuticals [1]. In trickle bed
reactors a gas and a liquid phase cocurrently flow downward over a bed of randomly packed
catalyst particles. The process efficiency and safety in such reactors is determined by the
liquid distribution and the flow regimes. An intricate problem associated with trickle bed
reactor operation is liquid maldistribution, which denotes the fact that the liquid does not
homogeneously flow through the bed. On one hand, liquid maldistribution is an economic
issue, since only a fraction of the often expensive catalyst contributes to the overall reaction.
On the other hand liquid maldistribution may lead to local runaways which may impact the
safety of the reactor operation. To achieve improved utilization of the catalyst bed and better
reactor performances, as well as to meet with rising environmental standards, hydrodynamics
in trickle bed reactors and their coupling to chemical reaction still need examination.
Assessment of the hydrodynamics in running trickle bed reactors is very difficult due to the
opaque nature of such systems [1]. In past studies, which were mostly conducted in
laboratory-scale beds at moderate pressures and temperatures and for non-reactive flows,
different techniques have been applied to determine hydrodynamic parameters. Among them
are local void and temperature probes, differential pressure transducers, tracer methods, and
colorimetric techniques. More recently, tomographic imaging modalities were introduced to
investigate trickle bed reactors: Nguyen et al. [2] applied magnetic resonance imaging (MRI),
Van der Merwe et al. [3] X-ray tomography and Schubert et al. [4] gamma ray tomography.
Considering the complexity and costs as well as the low temporal resolution of these imaging
modalities electrical imaging techniques appear to be more attractive.
One applicable and rather established imaging technique is Electrical Capacitance
Tomography (ECT) [5]. ECT is based on the reconstruction of the permittivity distribution
ε (r ) inside an object from multiple capacitance measurements on the surface of the same. An
ECT sensor typically consists of a set of elongated electrodes placed equidistantly around the
perimeter of an object. Inter-electrode capacitance is given by

w
∫∫A
Q
C=
=−
Δϕ

ε (r )∇ϕ (r )dA
Δϕ

,

(1)

where Q denotes the charge accumulated on the electrodes, ϕ (r ) is the potential distribution
resulting from the current injection, Δϕ the voltage across the electrodes and A the area of the
receiver electrode. Commonly the capacitance is measured by driving an AC current through
a pair of electrodes and measuring the resulting AC voltage across them. This measurement
*
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procedure is repeated for all possible pairs of electrodes giving N×(N-1)/2 independent
measurements for N electrodes. The permittivity distribution is related to the capacitance
measurements in a non-linear way, which may be denoted in the form of an operator equation

C = F {ε (r )} .

(2)
−1

The reconstruction part of ECT consists in the construction of an inverse operator F and the
determination of an approximate permittivity distribution from the measured capacitance
values, which are lumped in the vector C, according to

ε (r ) = F −1 {C} .

(3)

There is a choice of solution strategies to solve the inverse problem, whereby the most
popular is Linear Back Projection (LBP) [5]. LBP algorithms are simple and efficient and can
be used for real-time reconstruction. On the other hand they are somewhat over-regularizing
so that spatial resolution is not as high as with other more sophisticated inverse schemes.
Permittivity itself may be written as a product ε = ε0εr of the vacuum permittivity
(ε0 = 8.85 pF m-1) and the dimensionless relative permittivity εr. The latter is a material
property and typically ranges between εr = 2 (for many types of oil) to roughly εr = 81 for
water at low frequencies. In contrast to electrical conductivity the dynamic range of electrical
permittivity across different substances is much smaller and therefore it is much easier to
distinguish between liquids and gases. When a liquid is non-conducting, as is the case with
organic substances, then permittivity measurement is the only choice.
More recently wire mesh sensors, introduced by Prasser et al. [6], have found widespread
application as an alternative electrical imaging modality in the study of two-phase flows. A
wire-mesh sensor consists of two planes of wire electrodes stretched across the cross-section
of a flow channel at an angle of 90˚. An associated electronics measures the local conductivity
in the gaps of the wire crossings. In contrast to tomography, image reconstruction is no longer
needed, since the sensing volume is confined to the vicinity of each crossing point. The sensor
was successfully employed for the visualization of gas-liquid flow in pipes. Recently, a new
capacitance wire mesh sensor was developed [7] which uses a sophisticated AC based
capacitance measuring electronics to measure the capacitances in the wire crossing points.
This for the first time allows a fast and direct imaging of electrical permittivity distributions
in a flow cross-section rather than conductivity distributions. The advantages are obvious.
Gas-liquid flows can be measured for any type of liquid and the measurements are less
dependent on ion concentration. Other than in ECT local permittivity values in the wire
crossings can be directly determined from capacitance measurements according to

C = ε r ε 0 kG

(4)

without a reconstruction procedure. The geometry factor kG is given by the wire geometry
and distance and can be easily obtained from reference measurements on substances of known
permittivity.
In this work we applied for the first time an ECT system and a wire-mesh sensor system to
visualize the liquid distributions and integral liquid holdup values in a trickle bed reactor test
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setup and compared their results. Thereby the ECT images were generated using a simple
LBP reconstruction algorithm which facilitated fast image reconstruction.
2.

Experimental setup

The experimental trickle bed reactor was built from a polyvinylchlorid (PVC) column of
100 mm internal diameter, a height of 440 mm, and a wall thickness of 3 mm. It was
randomly packed with commercial porous Al2O3 catalyst beads. The average diameter of the
beads was 4.0 mm. The relative electrical permittivity of the bed was between 2.1 and 2.6.
The reactor was operated at ambient pressure and room temperature. To investigate the
capability of both sensors to visualize liquid maldistributions we injected liquid from the top
of the column via three individually operated inlets. As liquid we used isopropanol (C3H8O)
with a relative electrical permittivity of 20.18. The ECT sensor was placed 115 mm down the
top of the column where we expected that flow dispersion is not yet strong enough to fully
homogenize the liquid distribution. The wire mesh sensor was mounted 15 mm underneath
the ECT sensor, which is a sufficient distance to avoid cross-interferences. A scheme of the
setup is shown in figure 1, the arrangement of three inlets at the top plate in figure 2a.

Fig. 1: Experimental setup
In most applications, the electrodes of the ECT sensors are placed on the outer wall of the
vessel. However, Jaworski et al. [8] showed that if the ratio of the permittivity values of the
media inside the sensor and the material of the vessel wall is too large and the wall too thick
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(e.g. if the ratio is larger than 8 for a 2.5 mm thin wall), the capacitance measurement records
between adjacent electrodes becomes nonlinearly related to the internal permittivity. This fact
makes image reconstruction very problematic. For the present case, where the wall is
comparatively thick and isopropanol (εr = 20.18) has much higher permittivity than PVC
(εr = 3.39), we developed a special ECT sensor with isolated internal electrodes. This sensor
was made as flexible printed circuit board (flex-PCB) consisting of 12 electrodes. Each
electrode is 50 mm long and 23.5 mm wide. Around the electrodes a grounded shielding was
placed. The flex-PCB was tightly fitted to the inside of the column wall in such a way that
electrodes were in contact with the internal surface of the wall. Wire connections to the
electrodes were made via holes in the column wall which after soldering were properly sealed.
To prevent electrical influence from the exterior of the column, an additional external
grounded shield was provided. The ECT sensor was operated from a personal computer
together with an ET3 data acquisition unit. The ET3 electronics was developed at the
Technical University of Warsaw and implements a charge-discharge principle for capacitance
measurements [9]. Data acquisition was performed with a speed of 60 frames per second
(fps). For 12 electrodes each frame contained 66 independent capacitance values, which were
used for the images reconstruction process.

(a)

(b)

Fig. 2: (a) Top plate with three inlets. (b) Mesh for ECT image reconstruction
The wire-mesh sensor is composed of two planes of 16 stainless steel wires of 0.1 mm
diameter and 6.25 mm in-plane separation. The distance between the planes is 1.5 mm and the
wires from different planes are perpendicular to each other. This arrangement gives 208
sensing points inside the circular cross-section of the column. Care was given to the filling of
the wire-mesh sensor volume with catalyst particles. The wire spacing was much larger than
the catalyst particles, thus the particles filled the space between the wires quite well. By
gently shaking the bed after filling we assured that sufficient compaction between the wires
was achieved and the bed structure became as homogeneous as possible throughout the whole
bed. In contrast to the applied ECT system, the wire mesh sensor utilizes an AC-based
method for capacitance measurements and employs a logarithmic detection scheme for the
demodulation of the alternating-current signal [8]. Therefore, the relation between the
measured output voltage V of the sensor electronics and the capacitance C in a crossing-point
is given by
V = a ln(C ) + b ,
(5)
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where a and b are circuit constants which are determined by proper reference measurements.
Acquired measurement data are stored in the measurement computer, which is also used to
control the electronics. In this study the wire-mesh sensor was operated at 100 fps.
3.

Image reconstruction and analysis

Due to the fact that both techniques need some calibration for data normalization, calibration
scans were performed and the data was normalized according to parallel capacitor model [10].
During each calibration, the dry bed was scanned as a reference for minimum permittivity
values. Then it was completely flooded with isopropanol and scanned after 15 minutes as
a reference for maximum permittivity values.
For solving the ECT inverse problem we first computed the electrical fields and resulting
sensitivity distributions for dual-electrode measurements with custom-made FEM software.
For this purpose, we utilized NETGEN mesh generator (Open Source under LGPL) to prepare
a mesh consisting of 1536 triangle elements, which is shown in figure 2b. On the base of this
mesh we calculated the electrical fields for given electrode excitation patterns by solving
Poisson’s equation for the electrical field and calculated the resulting sensitivity matrices for
image reconstruction as described in [11].
The liquid holdups H for both tomographic methods were calculated on the base of the liquid
distribution images. Every image consists of N pixels with reconstructed respectively
measured permittivity values εi. From the permittivity values a phase fraction value is
calculated using the known permittivity calibration values from the extra measurements
according to
ε i − ε gas
hi =
.
(6)
ε liquid − ε gas
The cross-sectional liquid holdup is then calculated from
N

H=

∑ Ah
i =1
N

i i

∑A
i =1

,

(7)

i

where Ai denotes the area of pixel i. Note, that for the ECT images the pixels are triangles of
different area and even for the wire mesh sensor the peripheral sensor pixels are non-square.
4.

Experiments

All the experiments were performed simultaneously with both sensors. Liquid was supplied to
the column from each of the three inlets subsequently. The volumetric flow rate was 40 l⋅h-1.
Calculated holdups and reconstructed liquid distribution images are shown in figure 3. These
images are time averaged over the 20 s. The lack of spatial resolution for the ECT images is
evident from the pictures. However, the shapes of liquid distributions in the ECT images are
in very good agreement with the corresponding wire mesh sensor images. In the cases of
liquid supply from inlet 1 and 3, the ECT images show a liquid concentration in the centre
which is too low to be physically plausible. This may be a result of an inadequate model for
data normalization in this case. Nevertheless, the differences in the holdup values for the
different sensors are smaller than 3%, which shows that both methods give quite similar and
reliable results.
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Fig. 3: Measurement results: the images show the reconstructed liquid holdup distribution
measured with ECT (centre) and wire-mesh sensor (right) for different liquid supply patterns
(rows)
5.

Conclusions

In this paper, a capacitance wire mesh sensor has been used for the first time to acquire cross
sectional images of liquid distributions in a trickle bed reactor model. It is also the first time
that the capacitance wire-mesh and ECT were simultaneously operated. This gives the
opportunity to compare the usability of both methods to investigate liquid distribution and
holdup in trickle bed reactors. The preliminary experiments showed that both methods give
qualitatively and quantitatively similar results with respect to cross-sectional liquid holdup.
Obviously, the spatial resolution of ECT is much lower than for the wire mesh sensor.
However, the results show that non-invasive Electrical Capacitance Tomography can give
reliable information about cross sectional dynamic liquid holdups in a fixed bed, even with a
simple and fast linear back projection reconstruction algorithm. As a conclusion for practical
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applications, the wire mesh sensor should be used when the focus is on high spatial
resolution. Nevertheless, for industrial application the chemical compatibility of the wire
electrodes and their influence on the flow must be further assessed. On the other hand, if nonintrusive measurement is of primary importance, ECT may be the method of choice. Future
work should focus on finding more suitable normalization schemes for ECT, since the applied
parallel capacitor model obviously produces too low values in the centre of the reconstructed
images.
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SYNCHRONIZED FORCE AND PIV MEASUREMENTS FOR ACTIVE
FLOW CONTROL BY PERIODIC ELECTROMAGNETIC FORCES ON
A NACA0015 PROFILE – EFFECTS OF EXCITATION FREQUENCY
Christian Cierpka, Tom Weier, and Gunter Gerbeth
1.

Introduction

Flow separation and its control is a long standing interest in fluid dynamic research. A
comprehensive and recent review can be found in [1]. Among the passive flow control
methods are, e.g. shape modifications and vortex or turbulence generators. Popular active
flow control methods are suction and blowing, plasma actuators [2] or any kind of momentum
input in order to change flow characteristics. The addition of momentum can be done steadily
or periodically in time. The most striking feature of time dependent addition of momentum is
that a control goal, e.g. a specific lift increase, can typically be attained at orders of magnitude
smaller momentum input compared to steady actuation.
Main driving parameters are the time averaged momentum input and the excitation frequency.
For many actuators, the wave form of the excitation is fixed, although it has significant
influence on the control authority. Bouras et al., Scholz et al., and Cierpka et al. [3-5]
investigated effects of the wave form. Weier and Gerbeth [6] demonstrated clearly that under
otherwise identical conditions the attainable lift changed up to 70% for different wave forms
and Cierpka et al. [7] found that especially pulsed excitation with short duty cycles and
periodes without forcing in between had the ability to decrease the separation region better
than a continuous input of momentum. The addition of momentum is usually accomplished by
imposing mass fluxes. In the case of electrically conducting fluids, like seawater, the input of
momentum can be achieved by electromagnetic, i.e. Lorentz forces without mass flux.
The Lorentz force density FL is defined by the vector product of a current density j and a
magnetic induction B:
(1)
FL = j × B
It appears as a body force term on the right hand side of the Navier-Stokes-Equation for
incompressible flow and acts as a direct momentum source for the flow.
∂u
1
1
+ (u ⋅∇)u = − ∇p + ν ∇ 2u + FL
∂t
ρ
ρ

(2)

u denotes the velocity vector, t the time, ρ the fluids density, p the pressure and ν the
kinematic viscosity. Ohm's law for moving conductors describes the current density:
j = σ (E + u × B )

(3)

E denotes an electric field and σ the electrical conductivity of the fluid. In liquid metal
Magnetohydrodynamics (σ ~ 106 … 107 S/m), the Lorentz force density is strongly coupled
with the flow, since the flow induces currents via the u×B term in equ. (3). The induced
currents produce Lorentz forces strong enough to change the flow. For seawater and other
electrolytes σ is rather small (σ ~ 10 S/m). Therefore, the induced currents are very low for
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moderate applied magnetic fields (B ~ 1 T) and the induced Lorentz forces due to these
currents are negligible and too weak for a noticeable influence on the flow.
An external electric field has to be applied in order to generate forces large enough to
influence the flow. Since this external field can be modified in direction and time, the Lorentz
force can be changed in sign and amplitude as well. The actuator is therefore an ideal tool for
fundamental research in the lab frame. Its appealing features are: momentum is directly
generated in the fluid without associated mass flux, the frequency response of the actuation is
practically unlimited, and using a waveform generator for the signal the waveform of the
excitation is completely free. The paper presented focuses on frequency effects for different
angles of attack. A description of the complex interaction of the different parameters
momentum input, frequency and wave form can be found in [8].
2.

Experimental setup

A Lorentz force actuator, consisting of flush mounted electrodes and permanent magnets as
proposed by Gailitis and Lielausis [9], was implemented at the leading edge of a NACA0015
profile (Fig. 1). The leading edge shaped magnets were eroded from a block of NdFeB in the
preferred direction. Finally, they were nickel plated and magnetized. Due to the soft iron
closure a mean magnetic induction of B = 0.5 T was measured at the surface using a Hall
probe. A high power amplifier, driven by a frequency generator, has been used to feed the
electrodes, which were made of thin plates of platinum to increase their durability in the
sodium hydroxide solution. The Amplifier was driven by a frequency generator Agilent
33220A.

Fig. 1: NACA0015 profile with leading edge Lorentz force actuator, support for the force
balance and coordinate system
By the use of alternating currents, the generated Lorentz force oscillates in streamwise
direction with the frequency fe of the applied electric field.
The normalized excitation frequency F+ is defined with the chord length c = 160 mm and the
free stream velocity u∞.
fc
F+ = e
(4)
u∞
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The effective momentum coefficient cμ’ is characterized by the ratio of the rms momentum
added by the Lorentz force to the free stream momentum.
T

1 alB0
cμ ' =
2 cρu∞2

1
2
j (t ) dt
∫
T 0

(5)

The length and width of the magnets/electrodes is given by a and l, j(t) denotes the time
dependent current density and T the period of oscillation.
Time resolved PIV measurements were performed in a closed sodium hydroxide channel.
This channel is driven by an axial pump and has been operated with a mean velocity of
u∞ = 32 cm/s and u∞ = 64 cm/s resulting in chord length Reynolds numbers of
Re = u∞c/ν = 0.5×105 and Re = 105, respectively. The angle of attack can be varied from
outside the channel. A six components force balance was used to measure lift and drag forces.
For details of the set up and the PIV system the interested reader is referred to [8].
3.

Results

For the NACA0015 profile, leading edge separation occurs at α = 13° for the smaller of the
Reynolds numbers and at α = 15° for the higher one.
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Fig. 2: Lift coefficient vs. angle of attack for sinusoidal excitation with F+ = 0.75 for different
momentum coefficients at Re = 0.5×105
In Fig. 2 the lift coefficient is shown for F+ = 0.75 and sinusoidal excitation at Re = 0.5×105.
There is a region for α = 14 … 17° where the differences in lift for the very different
momentum coefficients (cμ’ = 0.05 … 1.4%) is rather small. In that region the lift can almost
be reestablished to the value of the former attached flow. For α > 17° and for low cμ’ the lift
drops significantly. For higher forcing amplitudes the lift can be increased above the
maximum of the natural lift polar without excitation. The attainable lift increases now
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monotonically with cμ’. The effect of the excitation is obviously dependent on the angle of
attack and can be separated into two regions.

Fig 3: Lift coefficient vs. F+ for different wave forms (DC=duty cycle) and low cμ’. α = 16°
(left) and α =22° (right)
The influence of α becomes clearer in Fig. 3. On the left hand side for α = 16° the lift
coefficient is shown for different dimensionless frequencies and two different wave forms.
For rectangular pulses, the duty cycle (DC) gives the ratio of the pulse duration to the pulse
period. Disregarding wave form effects, which are more prominent for the lower Reynolds
number, no effect of the change of F+ is visible. Flow measurements with PIV (not presented
here) showed a complete reattachment of the flow.
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Fig. 4: Phase averaged stream lines for excitation with DC = 1, for α = 20°, cμ’ = 0.12%,
F+ = 0.75 and Re = 105. Vortices (A,B,C) are indicated by the λ2-criteria and highlighted by
color and lines. The bottom left inserts are indicating the Lorentz force
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The lift increases and the drag decreases. For the higher angle of attack of α = 22° (on the
right hand side of Fig. 3) the picture changes completely. The highest value for all
investigated wave forms was measured at a dimensionless excitation frequency of F+ = 0.6.
There is a second maximum at the first subharmonic for F+ = 0.3. Regarding active flow
control systems for aerodynamics with limited frequency range, this second maximum can be
used to optimize the excitation also for lower frequencies. With the increase in the lift, the
drag rises as well. The mechanism for the lift is not the flow reattachment anymore, but
complex vortex interaction. Since the vortex production due to the actuator and their temporal
and spatial evolution is strongly dependent on the frequency, the lift signal shows this
behavior, too.
The complex vortex interaction is exemplarily presented in Fig. 4 for α = 20° and F+ = 0.75,
which is close to the optimum of F+ = 0.67 for this angle of attack. For this frequency and the
excitation with DC = 1, three successive vortices were shed during one period. For t/T = 0.0
all three vortices A, B, and C are present, where the large structure C detaches from the
trailing edge. In the following phase the lift and drag decrease. A first interaction of vortices
A and B, which agglomerate approximately above the mid chord, can be seen for t/T = 0.2.
This is possible since B was produced in the phase of anti-stream-wise forcing and has a
lower convection speed than A.
At the leading edge, a new vortex C forms again and due to the stream-wise forcing it will
move quickly downstream and catches the former structure A at t/T = 0.8. This last vortex
merging is also related to the highest lift during one period. A closed recirculation region
directly above the suction side of the profile is established and increases the circulation
around the hydrofoil. Choosing the wrong frequency (not shown here), less or even no
interaction of the vortices is visible above the suction side.

Fig. 5: Dominant frequency in the lift signal vs. α as F+ and Strouhal number St=fcsin(α)/u∞
(left). Two regions of flow control for this investigation (right)
The time dependent lift signal of the airfoil with separated flow shows a dominant frequency
component even in the unforced case. This dominant frequency is plotted in the left part of
Fig. 5 versus the angle of attack in two dimensionless forms differing in the length scales used
for normalization. In the upper diagram, the dominant frequency is scaled with the chord
length in the same way as the normalized excitation frequency in equ. (4). When the flow is
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fully separated the dimensionless dominant frequency seems to be independent of the
Reynolds number in the Reynolds number range investigated here. However, the
dimensionless frequency changes significantly with α from F+ = 0.7 at α = 18° to F+ = 0.4 at
α = 29°. These values closely resemble those of the optimal excitation frequencies. To the
authors knowledge, this effect was rather disregarded in the literature.
Using a characteristic wake width (c sin(α)) as length scale for frequency normalization
results in the so called Strouhal number (St = f c sin(α) / u∞). Plotting the dominant frequency
of the lift signal as Strouhal number versus the angle of attack in the bottom left part of Fig. 5,
we find values of around St = 0.2 for α > 17°. Since such a value of the Strouhal number is
quite typical for wake flows, this is a strong indication for a considerable influence of the
wake on the separated flow above the airfoil.
4.

Conclusion

Two different regimes (highlighted in Fig. 5 right) exist for the active flow control on a
NACA0015 profile and the investigated Reynolds numbers. For α slightly above the critical
angle of separation, small momentum input is sufficient to reattach the flow completely. The
lift increases and the drag decreases. The Lorentz force actuator acts as a kind of turbulence
generator and the turbulent shear layer evolving at the leading edge remains attached.
For higher angles of attack, a complete reattachment for low momentum input is not possible.
Nevertheless vortex interactions can be triggered, using the right frequency of excitation. Due
to this vortex interaction a recirculation region is stabilized above the suction side and
increases the lift significantly.
It is a main result and was rather disregarded in the literature that the optimal frequency
obviously changes with the angle of attack. The optimal excitation frequency within this study
was always the dominant frequency in the lift signal and changes from F+ = 0.7 … 0.4 for
α = 18 … 30°. For higher angles of attack the wake flow becomes more and more important.
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FROM PROMISE 1 TO PROMISE 2: NEW EXPERIMENTAL RESULTS
ON THE HELICAL MAGNETOROTATIONAL INSTABILITY
Frank Stefani, Gunter Gerbeth, Thomas Gundrum, Rainer Hollerbach1, Janis Priede2,
Jacek Szklarski3, and Günther Rüdiger4
1.

Introduction

Magnetic fields play an active role in cosmic structure formation. In 1991, Balbus and
Hawley [1] had highlighted the key role of the magnetorotational instability (MRI, or
Velikhov-Chandrasekhar instability [2]) for the enhanced angular momentum transport in
accretion disks which is necessary to explain the mass accumulation rates of protostars and
black holes.
Besides tremendous theoretical and numerical effort to understand the MRI, the last years
have also seen considerable experimental activities to investigate this important instability in
the liquid metal laboratory [3]. In the standard version of MRI, with only an axial magnetic
field being externally applied, the azimuthal field which is also necessary for the working of
the MRI, must be produced by induction effects proportional to the magnetic Reynolds
number (Rm) of the flow. It is this reliance on Rm that makes standard MRI experiments so
expensive since they become of the same size as dynamo experiments [4]. But why not
substitute the induction process simply by externally applying an azimuthal magnetic field as
well? In 2005, this apparently simple question was addressed by Hollerbach and Rüdiger [5],
who showed that the MRI is then possible with far smaller Reynolds (Re) and Hartmann (Ha)
numbers. First experimental evidence for this helical MRI, as we call it now, was obtained in
2006 at our liquid metal facility PROMISE (Potsdam Rossendorf Magnetic InStability
Experiment) which is basically a Taylor-Couette cell made of concentric rotating copper
walls, filled with GaInSn (an eutectic which is liquid at room temperatures). In [6] it was
shown that the travelling MRI wave appears only in the predicted finite window of the
magnetic field intensity, with a frequency of the travelling wave that was also in good
accordance with numerical simulations. More results of this experiment were published later
in [7].
However, a certain difficulty with these early experiments was the fact that the observed MRI
wave did not travel along the entire height of the Taylor-Couette cell but ceased to exist at
some position typically close to mid-height. By modifying the electric boundary conditions in
radial direction, and analyzing the resulting change of the axial velocity [8], it was possible to
identify this sink of the travelling MRI wave with the position of the radial jet that originates
from the Ekman pumping at the upper and lower lids of the Taylor-Couette cell. The
influence of this Ekman pumping on the flow structure was carefully discussed in [9].
In order to overcome this problem we have modified the PROMISE experiment by changing
the axial boundary conditions, first by replacing the copper of the lower lid by insulating
material, and second by splitting both the upper and lower lids into two rings (rotating with
the inner and outer cylinder, respectively). Henceforth, this new version of the experiment
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will be called PROMISE 2 in order to discriminate it from the previous PROMISE 1
experiment. We will show that the minimization of the Ekman pumping makes the radial jet
disappear almost completely. Consequently, the MRI wave can travel throughout the entire
Taylor-Couette cell. We will investigate in detail the dependency of the MRI wave on the
azimuthal field strength showing a much improved agreement with the 2D numerical
predictions [9]. Further comparisons with the results of a 1D eigenvalue code [10] for the
convective and the absolute instability will provide strong evidence that the observed wave
represents a global instability indeed and not only a noise-triggered convective instability as
argued in [11].
2.

From PROMISE 1 to PROMISE 2

Apart from the modified end-caps, the PROMISE 2 set-up is more or less identical to that of
PROMISE 1 which was described in detail in [6]. The basic part of it is a cylindrical
containment vessel made of copper (see Fig. 1). The inner wall of the vessel is 10 mm thick,
and extends in radius from 22 to 32 mm; the outer wall is 15 mm thick, extending from 80 to
95 mm. This vessel is filled with the eutectic alloy Ga67In20.5Sn12.5, which has the advantage
of being liquid at room temperatures.

Fig. 1: The PROMISE 2 experiment, Left: General view, Right: Details of the split end-cap
The copper vessel is closed by a plastic bottom and is fixed, via a brass spacer, on a precision
turntable; the outer wall of the vessel thus serves as the outer cylinder of the Taylor-Couette
cell. The inner cylinder of the Taylor-Couette flow is fixed to an upper turntable, and is
immersed into the liquid metal from above. It has a thickness of 4 mm, extending in radius
from 36 to 40 mm. Between this immersed cylinder and the inner wall of the containment
vessel there is thus a gap of 4 mm, also filled with GaInSn. It has a thickness of 4 mm,
extending in radius from 36 to 40 mm, thus leaving a gap of 4 mm between this immersed
cylinder and the inner wall of the containment vessel. The actual Taylor-Couette cell then
extends in radial direction over a cylindrical gap of width d = rout – rin = 40 mm, and in axial
direction over the liquid metal height of 0 mm < z < 400 mm.
While in PROMISE 1 the upper end-cap was a plastic lid fixed to the outer frame this end-cap
is now split into two concentric plastic rings (see Fig. 1). The inner ring rotates with the inner
copper cylinder, the outer one rotates with the outer cylinder. The choice of the splitting
position at r = 56 mm was motivated by the simulation in [9] showing that a splitting at 0.4 d
would minimize the global Ekman pumping The lower end-cap is split in the same manner, so
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that we have a symmetric configuration, with respect to both the rotation rate and to the
electrical conductivities. This is a significant improvement compared with PROMISE 1, in
which the copper bottom was simply part of the vessel which rotated with the outer cylinder.
The magnetic field configuration is identical to that of PROMISE 1, with axial magnetic
fields of order 10 mT being produced by the current Icoil in a double-layer coil with 78
windings, and an azimuthal field of the same order being generated by a current Irod through a
central water-cooled copper rod of radius 15 mm. As in PROMISE 1, the measuring
instrumentation consists exclusively of two high-focus ultrasonic transducers with a working
frequency of 4 MHz which are fixed into the outer plastic ring, 12 mm away from the outer
copper wall, flush mounted at the interface to the GaInSn. Since this outer ring is rotating, it is
necessary to transfer the signal into the laboratory frame (in contrast to PROMISE 1 in which
the upper lid was fixed to the frame). This is accomplished by the use of a slip ring contact
which is situated below the vessel (not shown in Fig. 1).
3.

Experiments and main results

The flow structure in the non-magnetic case is an important reference point for the later
analysis of the helical MRI. Starting with μ := fout/fin = 0, we expect a Taylor vortex flow
whose amplitude should decrease for increasing μ. Beyond the Rayleigh point
μRay := (rin/rout)2 = 0.25 the Taylor vortex flow is supposed to disappear completely in
accordance with Rayleigh's criterion. However, in any real Taylor-Couette-cell with finite
height this is far from trivial due to the existence of a meridional flow driven by the Ekman
pumping at the upper and lower end-caps. Approximately at mid-height of the cell the two
opposed vertical flows meet each other and produce a radial jet.

Fig. 2: Measured axial velocities in dependence on the vertical position and the time, for
different rotation ratios μ . The Taylor vortex flow at μ=0 becomes weaker for increasing
μ and disappears completely for μ = 0.27 which is beyond the Rayleigh line (at μ = 0.25)
Figure 2 shows, for fin = 0.1 Hz, the measured axial velocities for PROMISE 2. As expected,
we observe a Taylor vortex flow which is getting weaker for increasing μ and then disappears
completely at μ = 0.27. In contrast to this, in PROMISE 1 we had observed a very steep sign
change of Vz(z) approximately at mid-height which indicated the existence of a narrow radial
jet at this point. The absence of this structure in PROMISE 2 is due to the drastic reduction of
the Ekman pumping. In the following we will see that this absence of the radial jet has
important consequences for the propagation of the MRI wave.
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For liquid metals, the critical Re for standard MRI (with a purely axial magnetic field) is
known to be in the order of a few million. The key point of helical MRI is that by adding an
azimuthal magnetic field, this number drops drastically to approximately 103. In PROMISE 1,
the transition to instability for increasing β: = Bφ(r = rin)/Bz turned out to be not very sharp. In
the following we will investigate the corresponding transition for PROMISE 2. Much more
details, and dependencies on other parameters like Re, μ, and Ha, can be found in [12,13].

Fig. 3: Measured axial velocities in dependence on the vertical position and the time, for
different values of the axial rod current
Figure 3 shows 8 panels with the measured axial velocity perturbation for 0 < Irod < 7000 A.
Evidently, there is no indication of any instability for Irod < 4000 A The transition to MRI
occurs approximately between 4000 A < Irod < 5000 A. A more quantitative analysis is given
in Fig. 4 where we show the rms of the velocity perturbation of the MRI wave in dependence
on β for two different lines corresponding to μ = 0.26 and μ = 0.27. In addition to the results
of a time-stepping 2D solver [9] we have also added the critical μ values for the convective
and the absolute instability as they result from a 1D eigenvalue solver [10].
The first noticeable fact is that for μ = 0.26 we obtain not only a good correspondence of the
experimental results with the results of the 2D simulation, but also a good agreement of the
latter with the 1D numerical prediction for the absolute instability. At the same time, the 1D
prediction for the convective instability would point to much smaller values of the critical β.
This is strong evidence that the observed instability is not a noise-triggered convective one as
claimed in [11], but indeed a global one.
In this respect it is also remarkable that for μ = 0.27 the agreement of the absolute instability
of the 1D code (at Irod ~ 8200 A) and the global instability from the 2D code (at Irod ~ 6200 A)
becomes worse. Evidently, the value μ = 0.27 is very close to the upper limit of the helical
MRI. In this case, the threshold of MRI will be extremely sensitive to any slight modification
of the base velocity profile. This is a typical case in which we do get a global instability for
the experimental axial boundary conditions, but the hypothetical use of ideal Taylor-Couette
boundary conditions would make the flow stable again. This interesting case has been
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observed in the numerical simulations of Liu [11]. However, as we see here the interpretation
of the author is not correct: what is observed for real boundary conditions is not a noiseinduced convective instability (this would start already at β = 2.3) but still a global instability,
although on the basis of a flow that is slightly modified by the lids which make the flow a bit
more prone to MRI than the ideal Taylor-Couette flow would be.

Fig. 4: Rms of the velocity perturbation for different values of the rod current. The full lines
show the experimental results, the dashed lines show the predictions by a 2D code. The 1D
numerical predictions for the convective and absolute instability are also shown
4.

Summary and outlook

We have studied the helical MRI in an improved Taylor-Couette setup in which the Ekman
pumping is significantly reduced by using split end-caps. The MRI wave, which now spreads
over the whole height of the cell, appears much sharper and in better agreement with
numerical predictions. We conclude that the observed helical MRI represents a self-sustained
global instability rather than a noise-sustained convective one. A “promising” perspective of
PROMISE would be to extend the range of parameters Re and Ha in order to investigate the
continuous transition between the well-studied region of the helical MRI and the
experimentally much more demanding region of the standard MRI. One way to accomplish
this would be to replace the working fluid GaInSn by sodium, which is one of the central
topics of the planned DRESDYN platform. Another interesting extension is the study of
various combinations of the MRI and the Tayler instability, which requires to direct electric
currents through the liquid metal.
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THERMOELECTROMAGNETIC CONVECTION – AN ALTERNATIVE
STIRRING TECHNIQUE IN METALLURGY
Andreas Cramer, Xiugang Zhang, and Gunter Gerbeth
1.

Introduction

The interaction between a thermoelectric current jTE and an imposed magnetic field B may
drive thermoelectromagnetic convection (TEMC). Prerequisite for jTE is a temperature
gradient ∇T and a spatial variation of the thermoelectric power S, both of which in combination may generate an electro-motive force (emf). For whatever the temperature distribution,
simple analytical consideration shows that no current will circulate in a medium of uniform
composition. This is because S is a function of T, only, a consequence of which is that the
resulting Lorentz force jTE × B is irrotational, i.e. conservative. In order to have thermoelectric
current flowing, ∇S and ∇T must not be parallel. This is, in general, achieved by a spatially
varying composition. The mathematically interested reader is referred to the pioneering study
of Shercliff [1], who generalised Ohm's law for conducting liquids by introducing a term for
the emf.
Although these basics of TEMC are known for a long time, embodiments for an effective
stirring of a liquid metal pool are badly missing. This prompted us to perform an experimental
study on TEMC configurations which are concerned with the case that was termed by
Shercliff as “the extreme case when the composition and S vary discontinuously across an
interface along which T varies [1]”. Besides thermocouples or a sound direct conversion
between thermal and electric energy, thermoelectromagnetic stirring is probably a likewise
attractive application of the Seebeck effect. Whenever there is a freedom to use electrically
conducting walls in metallurgy, TEMC may become an efficient and cheap tool since the
necessary temperature gradient is often intrinsic to the process.
2.

Experimental setup

Three flow containers were built that had in common that the necessary temperature gradient
∇T in a square box was obtained by heating and cooling, respectively, of two opposing
massive copper side walls. Utilising a nickel plate having the relatively high thermoelectric
power of S = −15 µV/K for the bottom established the material discontinuity with respect to
the liquid metal layer in the first setup. Here, also both other side walls parallel to ∇T were
made from copper to simplify matters. Some parasitic loss via current circulating through
these walls is then to be expected owing to the high ratio of electrical conductivities between
copper and the melt. Despite this disadvantage, it made sense to deal with this setup yet at the
stage of laboratory experiments since it is a potential industrial configuration for the reason of
the ease of construction. If TEMC stirring shows up to work in a downgraded setup with loss
of current, it will work more than ever in an optimised configuration. In both other apparatuses, the side walls parallel to ∇T were however replaced with glass for the additional
reason of being of more generic nature. It is worth noting that fused silica stands temperatures
comparable to that of copper.
The task formulation of a marked TEMC may be accomplished with a strong inhomogeneity
of the magnetic flux density B, which was fulfilled with a 50×20×8 mm3 permanent magnet
made from cobalt-samarium in the first setup. With the direction of magnetisation along the
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shortest side, it produced B = 270 mT at its surface. Sizes of the container were length = width
= 15 cm. For a more detailed description of the experiment with the permanent magnet [2] is
referred to.

Fig. 1: Sketch of the experimental setup with the electromagnet in perspective (left) and top
view (right). 1: pole shoes, 2: constantan or nichrome bottom, 3&4: front and rear insulating
side walls, and 5&6: cooled and heated isothermal side walls, respectively. The ultrasonic
sensor (7) can be traversed along the rear wall
The second and third quadratic containers were a little bit smaller and used in combination
with an electromagnet. The length of 12 cm was accounted for by adjusting ΔT accordingly,
this means that ∇T is the same in all containers. Figure 1 depicts the experimental arrangement for the setups with the electromagnet and the shape of the pole shoes. In order to
enhance TEMC, bottom materials with even higher absolute values of S were employed.
Sconstantan = −35 µV/K is probably the highest value that can be found among metals, and
Snichrome = 25 µV/K provides also the complementary case. Note that these materials differ
significantly from nickel, the latter being ferromagnetic, which has a significant influence
onto the distribution of B. The filling height of the melt was always 1.5 cm. GaInSn (Tmelt =
10 °C) was chosen as the liquid metal under investigation mainly for the reason of its thermoemf SGaInSn = −0.55 µV/K differing not that much from SCu = −2 µV/K of the copper walls.

Fig. 2: Dependence of Bz at the liquid-solid interface on the position between the hot and the
cold wall. Dashed line: permanent magnet, solid line: field produced by the electromagnet
Numerical simulations were performed with a commercial solver showing that B was almost
perpendicular to the bottom of the first container within the lower part of the metallic melt
layer, as was to be expected because of the ferromagnetic nickel. The pole shoes used in the
second configuration produced a field with a prominent vertical component. Measurements
performed with a 3-axis Gauss meter agreed nicely with the computations. For the following
considerations, it is thus sufficient to restrict to Bz. Besides observing the motion at the melt

43

surface, local flow measurements were performed. An ultrasonic Doppler velocimeter (UDV)
was used to acquire instantaneous velocity profiles along the ultrasonic beam.
3.

Results and discussion

In a first series of experiments, the permanent magnet was located with its long side aligned
to the cold wall. Under the assumption of a homogeneous thermoelectric current between the
isothermal walls, the Lorentz force is directed along the wall while diminishing with increasing distance to that wall. The flow structure expected to develop thus is a recirculation in
the horizontal plane: driven by the force acting in the vicinity of the wall and closing elsewhere in the liquid metal volume. Characteristic velocities u obtained with UDV depended
monotonously increasing on ΔT, which accords to the relative strength of TEMC
Te = σ ΔS B ΔT l 2 / ρν 2

(1)

proposed by Gorbunov [3]. Te, l, ρ, and ν are the dimensionless parameter aka similarity
criterion, the characteristic length, density, and kinematical viscosity. A typical value for, e.g.,
∆T = 50 K is u = 70 mm/s clearly demonstrating the dominance over buoyancy, the latter
producing a velocity of 5 mm/s, only. An entire velocity section along the propagation
direction of the ultrasonic beam in conjunction with scanning the sensor in the perpendicular
direction yields area-wide results, from which a stream function may be calculated. Such
evaluation shown in the left panel of Figure 3 agreed nicely with the expected flow structure
of a single convection cell penetrating the container entirely with the eye of the vortex moved
off centre towards the source of motion.

Fig. 3: Stream functions in the configuration with the permanent magnet calculated from
area-wide UDV measurements. Left: single cell with magnet at the wall, right: multi-cellular
pattern with centred magnet
Although the flow was relatively stable to the appearance of observation with the naked eye,
velocities in the range of several cm/s indicated that the flow was not laminar. The plot of
instantaneous velocities in Figure 4 clearly shows that the flow was turbulent. In the case that
the magnet is located above the centre of the container, a convective pattern consisting of four
cells is to be expected from the distribution of the thermoelectromagnetic force. Also in this
configuration, the corresponding stream functions measured by scanning the UDV sensor in
the second series of experiments fully supported the expectations of four vortices with
diagonally opposing cells having the same rolling direction (c.f. right panel of Figure 3).
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Fig. 4: Time series of the local velocity at two selected locations, each, in configuration one
calculated from area-wide UDV measurements. Left: single cell with the magnet at the wall,
right: multi-cellular pattern with centered magnet
Because the cell boundaries are not rigid walls, the system with the magnet above the center
likely is the more unstable one. Free boundaries are potential sources of instability in many
fluid-dynamical systems. Despite the temperature difference in the case of the centered
magnet was 10 K higher than in the case of the single cell, mean velocities decreased
distinctly whereas the turbulence was significantly intensified. The flow was characterised by
oscillations of the mean flow eddies, which can be either movement of the vortices' eyes
and/or growth and shrinkage of the vortices. Intermittence was, however, not observed in the
investigated range of temperature differences. More results and an extended discussion of this
configuration containing the permanent magnet are to be found in [2].

Fig. 5: Comparison of the dependence of the characteristic velocity u on the temperature
drop ∆T /L with the bottom materials nickel, constantan, and nichrome as parameter. All
measurements were done at the location of maximum velocity within the container
An obvious question when moving to the second setup is that about a potential mitigation of
the vigour of the flow in the first container by Ohmic losses via the electrically conducting
walls parallel to ∇T. The slightly different sizes are accounted for by adjusting identical ∆T/L,
where L is the distance between the isothermal walls. Another issue with respect to contras45

ting the experiments is the magnetic field, of which both absolute value and gradient are
important. Figure 5 shows measurements for identical Bz = 50 mT. For not too high field
strength, which is the range wherein the damping effect of the static field remains small, these
results should conform to the criterion proposed by Gorbunov [3]. Since ∆S is the only
parameter subject to variation, u should solely depend on the emf for any ∆T/L. The points of
the fit curves on the axis of ordinate are uNi = 20.7, unichrome = 27.9, and uconstantan = 49.6 mm/s.
uNi has to be corrected to 32.3 mm/s for the different characteristic length. Even though there
were certainly Ohmic losses in the experiments with the copper walls parallel to ∇T, the ratio
(u/∆S)Ni = 2.2 mm·K/(µV·s) is much to high compared to the values of 1.1 and 1.4 for
nichrome and constantan, respectively. This suggests that ∇B should be included in a scaling
law since this gradient is much steeper for the permanent magnet above a ferromagnetic
bottom (c.f. Figure 2).

Fig. 6: Comparison of the dependence of the characteristic velocity on the vertical component
of B obtained in the container with constantan bottom at ∆T = 30 and 60 K

Fig. 7: Turbulence spectra for three selected temperature differences calculated from UDV
measurements of uy close to the cold wall where this velocity component is maximum. The
straight dashed line represents the case of homogeneous isotropic turbulence E (f ) ∞ f −5 / 3
Figure 6 shows four series, two for ∆T = 30 and 60 K, each, wherein Bz was varied. Despite
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the quite long sampling time exceeding ten minutes and comprising more than 12000 readings
per single measurement, the data show a significant scatter predominantly in the range of
medium field strength. Moreover, there seems to be a systematic deviation within each pair.
The also damping influence of the flow driving magnetic field is however clearly
demonstrated. The threshold above which braking overcomes impelling flow depends
obviously on ∆T, which was not necessarily expected.
First results on the turbulence characteristics in a thermoelectromagnetically driven flow are
presented in Figure 7. The series covered six equidistant measurements in the range ∆T = 10
to 60 K at Bz = 50 mT, not all of them are shown in the graph. Those not depicted exhibit the
same characteristics of an energy spectrum governed by homogeneous isotropic turbulence.
4.

Summary

Thermoelectromagnetic convection (TEMC) was studied in square melt layers heated
differentially in the horizontal direction. While the origin of the flow is an electro-motive
force, the crux of the experiments was establishing a high differential Seebeck coefficient ∆S.
Two case studies were realised: a generic one with a 2D distribution of the magnetic field B
having a gradient in direction of the temperature difference ∆T, only, and the other one having
a full 3D distribution of B. The main findings obtained with ultrasonic flow measurements
are: (i) strong fluid motion suitable for metallurgical tasks is accomplishable, (ii) the vigour of
the flow scales reasonably with ∆S, B, and ∆T as proposed in [3], (iii) at high values of B, the
damping impact of the static field outbalances its flow driving effect, and (iv) ∇B determining
the magnitude of the curl of the Lorentz force may become quite important. TEMC turbulence
characteristics are seemingly classical, i.e. homogeneous and isotropic obeying the celebrated
relation with its exponential −5/3 dependence of the kinetic energy on frequency.
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THE INFLUENCE OF DIFFERENT THERMAL HYDRAULIC MODELS
ON THE RESULTS OF A DYN3D BORON DILUTION TRANSIENT
CALCULATION
Sören Kliem, Yaroslav Kozmenkov, Siegfried Mittag, Ulrich Rohde, and Frank-Peter
Weiss
1.

Introduction

The strong thermal-neutron absorber Boron-10 is dissolved as boric acid in the coolant of
Pressurized Water Reactors (PWR). It is used to compensate excess reactivity of the reactor
core at the beginning of fuel cycle. Therefore, an unintentional, or even un-avoidable,
decrease of boron concentration leads to a reactivity increase and may result in a power
excursion, a so-called boron dilution transient. Slugs of under-borated, or even boron-free,
coolant can be formed in the primary circuit, e.g. due to a malfunction of the chemical and
volume control system, or due to a small break loss of coolant accident with partial failure of
the safety injection system. When the first main coolant pump is started, or natural circulation
re-establishes, that slug is shifted towards the core and introduces a certain positive reactivity
there.
3D neutron kinetics core models like the reactor dynamics code DYN3D developed at
Forschungszentrum Dresden-Rossendorf [1] are needed to simulate adequately the response
of the reactor core to such a reactivity insertion. The code has been applied to the analysis of
the core behaviour for different boron dilution transients [3,4,8].
DYN3D includes its own thermal hydraulic model called FLOCAL [2]. The code has also
been coupled to the advanced thermal hydraulic system codes ATHLET and RELAP5 [5,6]
which describe the interaction between the reactor core and the whole nuclear plant. For both
codes ATHLET and RELAP5, the internal coupling type is available, where the thermal
hydraulics of the whole system including the reactor core is modelled by the system code
while only neutron kinetics is simulated by DYN3D. With this approach three options are
available for the thermal hydraulic modelling of the reactor core in connection with the
DYN3D neutron kinetic model. In the current paper, the influence of the use of these different
thermal hydraulic models on the course and results of a boron dilution transient is
investigated.
2.

Boundary conditions of the analysis

The corresponding scenario is based on the start-up of the first main coolant pump (MCP) of a
primary circuit loop where a slug of de-borated water has accumulated. During the transport
of the slug from the cold leg to the core inlet, mixing with the higher borated coolant in the
reactor pressure vessel takes place. Mixing is the only inherent physical mechanism against
severe consequences of boron dilution transients. Therefore, it has been comprehensively
investigated at the coolant mixing test facility ROCOM [7]. Time-dependent boron
concentration curves at the inlet into each fuel assembly serving as boundary conditions for
the core calculations, have been derived on the basis of experimental ROCOM data. The
neutronic calculations start when the deboration front reaches the reactor core. In this state the
MCP has already reached its stationary mass flow level, so that the calculations were
performed at stationary flow conditions with a total core mass flow rate of 3200 kg/s.
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The reactor core under consideration is a generic PWR core at the beginning of an equilibrium
fuel cycle. The macroscopic cross-section library needed for the core calculations was
generated using the 2D neutron transport code HELIOS. Initially, the reactor is in a hot subcritical state with all control rods inserted. As a conservative assumption, one stuck rod
cluster was assumed in the core sector with the highest deboration. The neutron kinetics
model is the same in all three calculations. The same nodalisation in space and the same time
steps were applied for thermal hydraulics (1 ms) and neutron kinetics (0.1 ms) calculations.
The same material properties for fuel and cladding as well as the same constant heat transfer
coefficient for the gas gap between fuel and cladding were used. In the calculations, a
pressure of 3.0 MPa, an initial coolant boron concentration of 2200 ppm, and a coolant inlet
temperature of 190 °C were assumed.
3.

Results of the calculations

All three calculations resulted in the same Keff-value for the initial state (Tab. 1). The 2D
power distributions in the initial state show maximum differences between the solutions of
0.17 %.
At first, the influence of the numerical model for the description of the boron transport
through the core was investigated. Starting from t = 0 s, the deboration front moves into the
reactor core. Each of the codes used has its own boron transport model. Numerical diffusion
within the different boron transport models can influence the results of a boron dilution
transient analysis [3,8]. At the inlet into the core, the time-dependent boron concentration is
identical in the three calculations. At higher core elevations, small differences develop
between the calculations with growing time. Partially the differences are to be seen in the
behaviour of the core average boron concentration (Fig. 1). At the outlet of the core, the
differences are more significant. Theoretically, from the source-free boron transport equation,
a sharp propagation of the boron dilution front without any diffusion is expected. The
DYN3D calculation shows the sharpest front (Fig. 2) followed by ATHLET and RELAP5.

Fig. 1: Average boron concentration in the
core

Fig. 2: Average core outlet boron
concentration

The boron transport model of DYN3D is based on a particle-in-cell approach and has
practically no numerical diffusion as was shown in [3]. The ATHLET model shows a
smoothing of the boron front in comparison to DYN3D, but reaches nearly the same
minimum value. The RELAP5 model is more diffusive. Due to the smoothing of the front the
minimum value at the outlet calculated by RELAP5 is higher than in the two other
calculations.
At about 5 s after the start of the calculations re-criticality of the scrammed reactor is reached,
first in the calculation with the lowest numerical diffusion (DYN3D) followed by the two
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others. Due to the considerable boron concentration reduction in the core even super-prompt
criticality occurs (Fig. 3) which results in high power peaks (Fig. 4). Around the time of
occurrence of the peak, the described differences in the movement of the boron front are still
small (Fig. 1). Nevertheless differences in the time of re-criticality and height of the first
power peak can be seen (Tab. 1).
Table 1: Key parameters of the calculations
DYN3D
Keff [-] of initial state
0.886819
Time of re-criticality [s]
5.05
Max. core power [MW]
14180
Full power pulse width at half 15
maximum [ms]
Max. 3D power peaking factor [-] 123.2
Max. fuel centerline temperature 1261.2
[°C]
Max. cladding temperature [°C]
256.0
Minimum DNBR [-]
1.566

Fig. 3: Reactivity

DYN3D/ATHLET
0.886819
5.28
18715
15

DYN3D/RELAP5
0.886819
5.66
20675
15

109.2
1109.8

103.9
1154.2

278.1
1.637

267.4
2.677

Fig. 4: Core power

Normally it could be expected that the calculation with the lowest numerical diffusion
provides the highest power peak (e.g. [3,8]) as the height of the power peak is determined by
the reactivity insertion rate around the time of re-criticality. This reactivity insertion rate is decreased by the numerical diffusion as explained above.
However, in the concrete case the time history of the boron concentration at the inlet into the
fuel assemblies is based on experimental data. The time history of the boron concentration
shows a small step, namely a temporary reduction of the decrease rate, at the fuel assembly
with the highest power generation (N° 179) immediately after re-criticality (Fig. 5). This step
influences the reactivity insertion rate. In the special case, the boron concentration rate in the
nodes with the highest power production is the lowest in the DYN3D calculation (see Fig. 6).
In the two other calculations the corresponding boron concentration gradient is higher at the
time of re-criticality. Thus, the DYN3D calculation provides the lowest power maximum
followed by DYN3D/ATHLET. The calculated power maximum in the DYN3D/RELAP5
calculation is about 10 % higher than the DYN3D/ATHLET value.
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Fig. 5: Boron concentration at the inlet into
fuel assembly 179

Fig. 6: Boron concentration in node 3 of
fuel assembly 179

The heat insertion into the core is limited during this first power peak, because the powerpeak width is very small (15 ms), due to the very effective, strongly negative Doppler
feedback of the fuel temperature (identical in all three calculations). Nevertheless, boiling of
coolant starts shortly after this first power peak (Fig. 7).
Secondary power peaks occur while the deboration front propagates through the reactor core.
The structure of these peaks is determined by the ongoing introduction of positive reactivity
resulting from lower-borated coolant and negative reactivity due to fuel temperature increase
and coolant boiling. These power peaks are considerably lower than the first ones, apart from
the last peak in the DYN3D/RELAP5 calculation, where super-prompt criticality is reached
again (Fig. 3).

Fig. 7: Maximum void fraction in the core

Fig. 8: Maximum fuel centerline
temperature

Differences in the results of the calculations by the three different codes are caused not only
by the different numerical treatment of boron transport, but also by differences in the thermal
hydraulic models. Relevant models for the calculation of the vapour volume fraction being an
important feedback parameter, are the boiling models, fuel rod models, and drift flux models.
Because different models are used in the various codes, naturally the time course of the
maximum void fraction is also different, in the three calculations (Fig. 7). The first
appearance of vapour in the core in the DYN3D/ATHLET result is delayed against the
DYN3D calculation due to the delay of the first power peak (0.23 s). The corresponding delay
is higher in the DYN3D/RELAP5 calculation. Further, the DYN3D/RELAP5 calculation
yields two pronounced void maxima which can be attributed to the high first and last power
peaks. DYN3D shows a very smooth behaviour of the maximum void fraction. The last power
peak produces only a small increase of the maximum void fraction. In all calculations the void
fraction in the core goes down to zero shortly after the last power peak.
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All three calculations result in a jump of the fuel temperature during the first power peak
(Fig. 8), which is responsible for the limitation of this peak. Here the time difference between
the three calculations is fully identical with the time difference of the first power peak. The
absolute maximum values differ by about 150 K between the codes.
An important criterion for the cooling of the fuel is the ratio between actual and critical heat
fluxes, the so-called DNB (departure from nucleate boiling) ratio. If the minimum DNB ratio
from all local positions reaches values less than unity, the heat flux exceeds the critical one,
and boiling heat transfer crisis occurs. This can lead to an overheating of the fuel rod
cladding. The DNB ratio is calculated in the three codes with different correlations. For the
considered transient in all three calculations, no heat transfer crisis is predicted (Tab. 1). Due
to the absence of the heat transfer crisis the maximum cladding temperature also shown in
Tab. 1 remains at low values.
4.

Conclusions

The availability of three different thermal hydraulic models to be combined with the neutron
kinetics core model DYN3D permitted the investigation of model influences upon the
calculation results for a boron dilution transient. Quantitative differences were found in the
single solutions. The different degree of numerical diffusion in the boron transport models
affects the height of the first power peak. It was shown, that the rate of reactivity insertion is
very sensitively affected by details of the space- and time-dependent behaviour of the boron
concentration. In the considered case with use of experimental data for the coolant mixing, the
power peak after criticality is the lowest one in the case of minimum numerical diffusion,
which was not expected from previous investigations. Differences were also found in the heat
transfer and the drift flux models. Concerning safety criteria like maximum fuel and cladding
temperature as well the DNB ratio, the same conclusions can be drawn from all calculations:
Safety-relevant margins are not reached. Deviations of calculated parameters have been
observed, but there is no qualitative difference in the transient behaviour.
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ANALYTICAL TIME DEPENDENT TRANSPORT DEVELOPMENTS
FOR THE ANALYSIS OF ACCELERATOR DRIVEN SYSTEM (ADS)
EXPERIMENTS
Bruno Merk and Frank-Peter Weiß
1.

Introduction

Different current and planned experiments (MUSE [1], Yalina [2], Guinevere [3]) are
foreseen to study the zero power neutron physical behavior of accelerator driven systems
(ADS). The detailed analysis of the kinetic space-time behavior of the neutron flux is
important for the evaluation of these ADS experiments.
Up to now, the analysis of all these experiments has been based on the standard methods [4]
known from experiments in critical reactors. These standard methods - Sjöstrand method and
Slope method - are based on the point kinetics equations. This system of equations was
developed from the time dependent diffusion equation by separation of space and time.
However, for accelerator driven system with their strong space-time dependent external
neutron source, the diffusion approximation is neither valid nor separable. Additionally, the
diffusion equation is not able to represent the wave like spatial propagation of a localized
perturbation.
A method to handle this problem is to solve the time dependent Telegrapher’s equation [5]
instead of the point kinetic equations. Solutions for the Telegrapher’s equation have been
provided for a pulsed external source [6], for the start up of an external source [10], [7] and
for the switch-off of the external source [8]. For the development of these analytical solutions,
two different mathematical strategies are used. First, the Telegrapher’s equation without
delayed neutron production is solved by using the Green’s function method [9]. The Green’s
function method offers the possibility to solve the space-time dependent P1 equation with an
external source avoiding the separation of space and time. Second, a multiple-scale expansion
[11] with two or three time-scales is performed to account for the delayed neutron production.
The multiple-scale expansion offers the possibility to separate the prompt neutron production
form the delayed neutron production due to their very different time scales. Thus, the stiffness
problem, arising in a closed form solution, is avoided and the solution for the problem can be
derived stepwise with significantly reduced complexity compared to a closed form.
External source problems can be handled in much more detail by using numerical simulations
or more comprehensive analytical solutions, combined with intermediate steps, which are
carried out numerically. These more comprehensive solutions are used for the system
simulation or for the definition of analytical benchmarks.
Here, fully analytical approximation solutions are developed in contrast to the procedure
mentioned before. The solutions are dedicated to the analysis of current and future ADS
experiments. A fast method for the determination of integral parameters from the
experimental results, comparable to those defined for critical reactors will be developed after
the foreseen evaluation against ongoing experiments. Completely analytical approximation
solutions even with the lower approximation are more suitable for this development and
provide a deeper physical understanding of the system behavior.
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2.

Current Experimental Results

The significant difference between the well-known behavior of critical reactors in kinetic
experiments and the kinetic behavior of a system with an external neutron source was
observed for the first time in the MUSE experiments [1]. The results for a close to critical and
a subcritical configuration are shown in Fig. 1. In the left figure for the close to critical
configuration SC0 the signals from the different neutron detector positions decay in the same
manner. This means the curves can be reproduced easily by a solution obtained by separation
of space and time. Here, the point kinetics equations are a good basis for the analysis of these
results. On the right hand side the detector responses are shown for a sufficiently subcritical
system SC2, as it has been suggested to be representative for ADS. The slopes of the detector
responses are significantly different for the different detector positions. These results cannot
be represented by an analysis method based on the separation of space and time, since the
separation of space and time induces an identical slope at all positions in space. This
observation demonstrates the need for the development of an advanced analysis method for
the analysis of ADS experiments.

Fig. 1: Neutron detector response for 3 different positions and two different criticality states
recorded in the MUSE experiments at CEA Cadarache [12]
3.

Developed Analytical Solution

The multiple-scale expansion method has been used to derive closed-form, multiple-scale
approximation solutions for the space-time dependent P1- or Telegrapher’s equations with a
localized external neutron source. The system consists of a homogenized multiplying system
of planar one-dimensional geometry (see Fig. 2) with one energy group and delayed neutrons
and a central external neutron source. The closed-form analytical multiple-scale
approximation solutions are provided for the space-time dependent neutron flux as well as for
the concentration of delayed neutrons precursors for the switch-on as well as for the switchoff of the external neutron source.
The development of the analytical solutions starts from the solution of the time-dependent P1
equation without delayed neutrons with the Green’s function method. This method does not
rely on the separation of space and time. The analytical approximation solutions offer the
possibility of a direct investigation of the space-time behavior of subcritical systems with
external neutron source and the potential for a deeper understanding of the space-time
dependent neutron transport effects in subcritical systems under the influence of changes in
the external neutron source. Thus, these approximation solutions represent a new theoretical
basis suitable for the analysis of the before mentioned operating and planned kinetic ADS
experiments (MUSE, Yalina and Guinevere).
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Fig. 2: Spatial view of the one dimensional slab with the external neutron source in the center
The space-time dependent neutron flux, following the switch-off of the external neutron
source, is shown in three steps in Fig. 3. The solution is calculated with the developed
analytical approximation for a homogenized one-dimensional subcritical system with one
energy group and delayed neutron production. Only the front half of the one-dimensional
homogenized system is shown with the steady state solution for negative times and the
decrease of the neutron flux after the switch-off of the localized external neutron source. The
spatial dimension points to the left and to the front, and the time progress points to the right.
The left part of Fig. 3 shows the sudden decrease of the neutron flux due to the rapid decay of
the prompt neutron flux after the switch-off of the external source. The typical steady state
spatial neutron flux distribution (exponential decay with increasing distance from the source)
for the described system with operating external source exists for the times lower than t = 0
(left side of the graph). At t = 0 the external source is switched-off and the neutron flux
decreases very rapidly in the center of the system following an exponential function. With
little time delay the effect of the switch-off of the external source spreads out like a wave
through the complete system (see the first spatial grid curve after switch-off). After roughly
0.01 s the prompt neutrons have decayed and the neutron flux is reduced to the level created
by the delayed neutrons of both time scales. After roughly 0.01 s (with the defined system
parameters) a plateau in the space-time dependent neutron flux is reached. This plateau is
determined by the much slower decaying delayed neutrons.
The central part of Fig. 3 shows the space-time dependent neutron flux during the first second
on a reduced vertical time scale. On the left side, the outer part of the steady state solution is
still visible. Close to t = 0 the sharp drop in the neutron flux due to the decay of the prompt
neutrons can be seen. This sharp drop is the exponential decay, identical to the decay
observed in the left hand figure, but on a shrunk time scale. The following exponential decay
of the neutron flux is caused by the decay of the delayed neutron precursors, belonging to the
second timescale of the multiple-scale expansion. The flux change is mostly uniform over
space. After roughly one second, the neutron flux has reached a second plateau, since the
delayed neutrons, which belong to the second time scale have mostly decayed. Finally, the
right hand side of Fig. 3 shows the complete decay of the space-time dependent neutron flux
to zero, caused by the decay of the delayed neutron precursors, which belong to the longest
time scale of the multiple-scale expansion. The two shorter time scales sum up in the negative
jump in the space-time dependent neutron flux at the beginning of the graph immediately after
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the switch-off of the external source. In the following time-period, the remaining neutron flux
fades away since the precursors of the last time scale decay. After roughly 50 s the neutron
flux has nearly completely died out.
Fig. 3: Evolution of the space-time dependent neutron flux, following the switch off of the
external neutron source, considering the delayed neutron production (dimensionless in space)

4.9

30

2.0

0.01

4.

1.0

50

Comparison to Point Kinetics Results

Fig. 4 compares the deviation in percent:
⎛ ΔΦ transport
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⎜ ΔΦ
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⎝
⎠

(1)

of the relative change in the space-time dependent neutron flux for the P1 transport solution
compared to the point kinetics solution. The result is normalized with the point kinetics
solution, since the relative change of the neutron flux in the transport solution remains zero
for wide ranges in the outer part of the system at the beginning of the transient. This is a direct
consequence of the wave like propagation of the perturbation. Additionally, the deviation is
limited to ±20% in the graph, thus, the upper and lower horizontal planes represent deviations
of more than 20%.
The point kinetics solution heavily underestimates the relative change in the space-time
dependent neutron flux in the center at the beginning of the transient. The deviation reduces
with time and drops to below 10% in the center after 0.01 s. In the outer area, the relative
change in the neutron flux is significantly overestimated by the point kinetics solution, since
in the point kinetics solution the perturbation is immediately spread out. In contrast to that,
the perturbation propagates like a wave through the transport solution.
Thus, there is some time delay until the perturbation is ‘recognized’ in the outer area of the
system. In all areas, which are not yet reached by the wave front, the deviation in the relative
change in the neutron flux can be easily quantified to -100%. The consideration of the
deviation demonstrates that the point kinetics solution does not give acceptable results for the
analysis of such kind of transients.
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Fig. 4: Relative deviation (%) between the transport solution and the point kinetics solution in
the space-time dependent neutron flux for the pure prompt system after the switch off of the
external neutron source from steady state (the graph is cut at ±20%)
5.

Conclusion

The multi-scale expansion method has been used to develop closed-form solutions for the
space-time dependent P1- or Telegrapher’s equations with localized external neutron source
for a homogenized multiplying system, in planar one-dimensional geometry, with one energy
group and delayed neutrons. The development of this multiple-scale approximation does not
rely on separation of space and time. The solution offers the possibility of a direct
investigation of the space-time behavior of subcritical systems with an external neutron
source. Additionally, the developed multiple-scale approximation solutions offer a deeper
understanding of the space-time dependent neutron transport effects in subcritical systems and
of the influence of changes in external neutron source. These approximation solutions are a
new theoretical basis, suitable for the analysis of the operating and planned kinetic ADS
experiments.
The results produced with the developed analytical approximation solution are compared to
the results gained by solutions for the point kinetics. This comparison shows major
differences from the point kinetics. These major differences prove that point kinetics methods
for the analysis of kinetic experiments in nuclear reactors will not provide reliable results for
the analysis of systems like ADS with strong external neutron sources.
The developed multiple-scale approximations can be used and developed for the analysis of
the experiments in subcritical systems with external neutron source. Moreover, this
development presents the possibility to improve the online monitoring of subcriticality during
the operation of accelerator driven systems by the analysis of the transient behavior following
short trips of the external neutron source.
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BURNING PLUTONIUM AND MINIMIZING RADIOACTIVE WASTE
IN EXISTING PWR
Siegfried Mittag and Sören Kliem
1.

Introduction

The main problem with nuclear power plants is the continuous production of radioactive
nuclides. This material has to be contained safely during reactor operation and, after spentfuel unloading, be disposed of in a safe and economic way. Namely, the (repeated) neutron
capture by uranium-238 leads to high quantities of long-lived radioactive actinides (Fig. 1).
The half-lives of the so-called minor actinides (MA) are, on the average, much longer than
those of fission products, so that they will determine the radio-toxicity in the final storage a
few hundred years after unloading. The production of these nuclides cannot be avoided in
conventional light-water-reactor fuel, because this fuel is either low-enriched uranium (LEU)
oxide or uranium-plutonium mixed oxide (MOX), containing more than 90 % uranium-238.
Burning MOX is a way of reducing weapons-grade and reactor-grade plutonium stockpiles in
the world. However, conventional MOX fuelling of light-water reactors (LWR) does not
allow a rapid reduction of stockpiles, as fissile plutonium is re-bred from uranium-238
(Fig. 1). In order to avoid the continuous uranium – actinide conversion during reactor
operation, other (“innovative”) compositions of LWR fuel are considered.

Fig. 1: Actinide breeding in LWR
2.

Innovative LWR fuel

In order to avoid breeding of plutonium and long-lived minor actinides (MA), the uranium238 carrying the fissile nuclides has to be replaced by a different fuel carrier material.
However, it is mainly this uranium-238 that provides resonances in the neutron capture cross
section, which produce the negative fuel-temperature feedback, i.e. a negative Doppler coefficient. This fuel feature is vitally important with respect to reactor safety. Thus innovative
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carrier matrices should also have sufficient resonance absorption to ensure a strong-enough
negative fuel-temperature coefficient (FTC). This fact and requirements of fuel-rod thermomechanical stability narrow the scope of material to be chosen as an inert matrix i.e. not
breeding material, to hold fissile nuclides. Recently, so-called inert matrix fuel (IMF) is being
designed, e.g. on the basis of zirconium or molybdenum, though less pronounced neutron
resonance absorption is observed in the isotopes of these elements. Erbium can be added to
the fuel matrix in order to introduce more (epithermal) resonances enhancing the negative
FTC.
The design and study of innovative LWR fuel, for example IMF, is the main objective of the
EU FP7 project LWR-DEPUTY (“Deep Plutonium burning in thermal systems”). FZD
participating in this project, contributes to the investigation of alternative fuel matrices based
on thorium, which is a mono-isotopic element (thorium-232). The absorption cross section of
this nuclide has quite a similar resonance structure as uranium-238, making it very suitable to
serve as a fuel carrier material, from the neutron-kinetics safety point of view (FTC).
Thorium-232 is, like uranium-238, a “fertile” nuclide, producing (by neutron capture and beta
decay, t1/2 = 22.3 minutes) protactinium-233, which decays with a half-life of 27 days to
fissile uranium-233. The chance of U-233 fission after absorbing another (thermal) neutron is
about 90%, leaving 10% to build up U-234, which produces fissile U-235 by further neutron
capture. The capture-to-fission ratio of U-235 is about 1/6; in the end there is very little
probability for the buildup of higher long-lived radioactive actinides, a situation different to
the case of U-238 fuel matrices (Fig. 1).
Compared to the well-proved uranium oxide fuel, thoria exhibits even greater chemical
stability, higher thermal conductivity, and a lower coefficient of thermal expansion. Its
melting point is at 3390 °C, i.e. some 500 degrees higher than that of UO2. These facts are of
key importance for a thorium-fuel application in LWR.
Prior to the real introduction of new fuel into a reactor core, performance and safety studies
have to be carried out. Respective fuel-assembly and core calculations can be carried out by
suitable neutronic and thermal-hydraulic computer codes.
3.

Thorium fuel benchmark calculations

DYN3D is a reactor dynamic code capable of modelling LWR core transient behaviour. The
lattice depletion code HELIOS is applied to produce fuel-assembly-homogenized few-group
diffusion and kinetics parameters, which are needed as input data for the nodal diffusion code
DYN3D. In order to verify the respective HELIOS methodology for new thorium-based fuel,
as a first step, a benchmark problem set up by the IAEA [1] has been calculated. The
benchmark was defined for a Westinghouse PWR 17x17-rod-array MOX fuel assembly
carrying 5% reactor-grade plutonium oxide, embedded in a thorium oxide matrix (95%). Fig.
2 shows some results of the respective FZD HELIOS calculation, compared to those of other
participants. The build-up of fissile U-233 is shown as a function of neutron exposure during
reactor operation (burnup), the latter measured in units of produced fission energy, i.e.
gigawatt-days per tonne of heavy metal (thorium + plutonium) in the fuel. There is similar
good agreement between the calculations for the depletion of Pu-239, which is not shown in
Fig. 2. Instead, the parameter k-infinity of the fuel assembly is depicted, which quantifies the
neutron multiplication properties in the fission chain reaction.
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The next and more important benchmarking step to be carried out in the project LWRDEPUTY will be a lattice burnup calculation for an experimental thorium-plutonium rodlet
that had been irradiated during four reactor cycles in the PWR core of the German NPP
Obrigheim (KWO). Post-irradiation examination (PIE) and radio-chemical analysis (RCA)
are under way to obtain real densities for Pu-239, U-233, and other nuclides, including some
fission products. The comparison of measured and calculated nuclide concentrations will,
naturally, be a more relevant validation for the accuracy of calculation methods than a codeto-code comparison.
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Fig. 2: IAEA benchmark calculations for Th-Pu MOX fuel assembly
4.

Safety studies for a PWR core containing thorium fuel

A lot of experience has been gathered worldwide in designing and operating LWR cores using
various fuel assemblies (FA) at different burnup stages. At the beginning of a PWR operation
cycle, excess reactivity will be compensated by the neutron absorber boron added to the
moderator. PWR cycles start with a moderator boron concentration of about 1000 ppm (at
nominal power), which is continuously decreased, in line with growing core burnup. A PWR
core with typical fuel loading has been studied under the conditions at the beginning of cycle
(BOC).
Legend

All 193 FA: UO2

129 UO2 /64 MOX FA

Fig. 3: Core loading patterns chosen for safety studies. MOX means either conventional
mixed oxide or ThPu MOX
Fig. 3 has two core loading patterns that are applied in real PWR operation. Uranium fuel
assemblies contain fissile U-235 (LEU), whereas reactor-grade plutonium gained by
reprocessing spent fuel is used in MOX. In all conventional PWR fuels the fissile nuclides are
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embedded in a matrix of U-238. Usually, the share of fissile material is not higher than 5 %.
The results of safety analyses for the two different cores compiled of the FA types, depicted
in Fig. 3, are described in [2]. In the following, an “innovative” MOX FA is introduced, in
which the U-238 oxide matrix of [2] is replaced by thoria, while the original assembly and
fuel-rod geometry is preserved. 64 of such thorium-plutonium oxide FA are placed in the
positions of the conventional MOX FA of Fig. 3, thus forming a new core composition to be
analysed.
For the three cores under consideration, all of them studied at the beginning of a PWR
equilibrium cycle (BOC), Table 1 shows the most safety-relevant parameters calculated by
the code DYN3D.
Table 1: Core reactivity coefficients for different core loadings
Reactivity coefficient of

U (MOX-free)

U-MOX

Th-MOX

[pcm/kg/m3]

+14.19

+18.77

+18.28

[pcm/K]

+3.422

+3.252

+3.675

Total moderator temperature, MTC
[pcm/K]

-30.14

-40.36

-38.48

Fuel temperature, FTC

[pcm/K]

-2.457

-2.636

-2.773

[pcm/ppm]

-7.028

-5.468

-5.542

Moderator density
Moderator temperature

Boron concentration

The negative core MTC (4th line of Table 1) is mainly the result of moderator density
decreasing (2nd line) with growing temperature at nominal pressure. Additionally to the
coefficients discussed in section 2, the boron efficiency, i.e. the effect of soluble boron in the
moderator on reactivity is given in the last line. The table demonstrates that MTC and FTC
are roughly the same for thorium MOX as for conventional MOX, the Th-MOX FTC being
even slightly better due to the convenient resonance structure in the absorption cross section.

Fig. 4: PWR core with different loadings: Primary pressure during an ATWS transient,
calculated by DYN3D/ATHLET
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For in-depth safety considerations, also the reactor behaviour during possible transients – in
fact anticipated transients without scram (ATWS), though they are very unlikely – has to be
studied. As an example, the course of the safety-relevant primary-circuit pressure in an
ATWS – caused by the loss of feed water supply and mechanical blockage of all control rods
[2] – is depicted in Fig. 4. The calculations have been performed by the coupled codes
DYN3D/ATHLET, the latter of the two modelling the thermal hydraulics of the PWR circuits
influencing the core neutron kinetics that is simulated by DYN3D. In all three cores, the
pressure peaks are far from the critical value of 23 MPa, above which primary-circuit lines
might be damaged. The 1/3 Th-MOX core loading exhibits a similar behaviour as the
respective conventional-MOX version.
5.

Reactor safety and fuel resources

Thorium-based fuel will not only reduce the production of long-lived radioactive actinides. It
implies breeding fissile material, uranium-233, in thermal reactors such as LWR. Thorium is
about three times more abundant than uranium in the earth’s crust, and could thus contribute
significantly to meet the demand of nuclear fuel in the future.
With respect to better uranium-fuel utilization, fast breeders like sodium fast reactors (SFR)
have been developed. Only few of them have been built and operated, though enhanced fast
reactor designs are under consideration. Some of these advanced “Generation IV” fastspectrum concepts are even designed for the incineration of long-lived actinides.
In the immediate future, however, well-established LWR, fuelled by thorium-plutonium
oxide, may offer the most practicable approach for radioactive-waste minimization. This
concept will be better acceptable for the public, because of:
•
•
•
•
•
•

the current high LWR safety standard, which is being continuously improved, both in
existing plants and in newly built ones, such as the European Pressurized-Water Reactor
(EPR) and other “Generation III” designs,
much experience in LWR operation worldwide,
preserving high level of both the safety and economy, when using thorium-plutonium
oxide,
excellent resources economy by breeding fissile material,
less “neutron wasting”, which happens in burnable poisons and IMF resonance absorbers,
and
a less reactivity swing over fuel lifetime, compared to U-238 and IMF matrices.

It should be recalled that the idea of thorium-based fuel in LWR is by no means new. The
Shippingport light-water breeder reactor (LWBR), which was operated 30 years ago,
produced about 2500 GWh electric energy within five years. After shutdown in 1982, its core
contained 1.3% more fissile material than at the start of operation [3]. However, during the
last decades, there were no real incentives to replace conventional LWR fuel. Proliferation
aspects may have contributed to reluctance against thorium-based fuel. Moreover uranium232, which is also formed to a small extent in this fuel via (n,2n) reactions, has highly
radioactive daughter products, namely the hard gamma emitter thallium-208. The strong
gamma radiation makes reprocessing more expensive, but on the other hand, enhances
proliferation resistance.
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6.

Conclusions

Thorium MOX may be a promising alternative to conventional LWR fuel. It is expected that
thorium MOX can satisfy both safety and economic requirements. The introduction of this
fuel into existing PWR might be a first step of thorium utilization, thus reducing radioactivewaste production. However, prior to any new core loadings, be it with or without thorium, a
detailed safety analysis has to be fulfilled, according to the strict requirements of the nuclear
authorities in the country. Only a few of necessary safety studies have been carried out and
are described in section 4, for a generic PWR core, with 1/3 of all fuel assemblies consisting
of thorium-plutonium MOX. The results may contribute a little to encourage the use of such
new fuel. However, a lot more analyses have to be performed before, and the core loading
could then be optimized with respect to economics.
Starting with only slightly-modified core loading in existing modern PWR might “break the
ice” for introducing this innovative fuel.
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FLUX DEPENDENCE OF DEFECT CLUSTER FORMATION IN
NEUTRON IRRADIATED WELD MATERIALS
Frank Bergner, Uwe Birkenheuer, and Andreas Ulbricht
1.

Introduction

The core-belt region of the reactor pressure vessel (RPV) of a nuclear power plant (NPP) is
exposed to intense neutron irradiation, the fast neutrons causing a degradation of the
mechanical properties. In order to guarantee the structural integrity of the RPV throughout
operation time, surveillance programs are implemented prior to initial commissioning of a
nuclear power plant. According to these programs specimens of the RPV steel are inserted
into capsules and placed in special surveillance channels. At these positions, the fast neutron
flux (number of neutrons per unit area and unit time) exceeds the flux at the RPV wall by a
leading factor (typically between 1.5 and 12). The specimens are taken from the surveillance
capsules at regular intervals in order to undergo mechanical tests. The mechanical properties
are then assumed to be characteristic of the RPV material at an instant of time corresponding
to the irradiation time of the specimen multiplied by the leading factor. However, this
procedure is only applicable if flux effects are either completely absent, i.e. degradation
depends on fluence only, or result in a conservative prediction of the behavior of the RPV
material. At this point, the basic interest in the dependence of the mechanical properties and
the underlying microstructure on neutron flux becomes evident.
The primary irradiation parameter governing the degradation of material properties is neutron
fluence, Φ, i.e. neutron flux, ϕ, multiplied by exposure time, t. Neutron flux is a secondary
parameter, though of primary technical importance. In order to separate flux effects from the
dominant dependence on fluence, it is necessary to vary the value of flux while keeping the
value of fluence constant. An appropriate pair of samples was selected from German
irradiation programs.
Small-angle neutron scattering (SANS) is used to characterize the size distribution of
irradiation-induced solute clusters and a rate theory model is applied to simulate cluster
evolution.
2.

Experiments

The material investigated is a first generation submerged weld NiCrMo1 UP
(modified)/LW320, LW340 (German specification). The composition is given in table 1, the
irradiation conditions and the irradiation-induced mechanical property changes are
summarized in table 2. Slices of cross-section area of 10 mm x 10 mm and of 1 mm thickness
were prepared for the SANS experiment.
Table 1: Composition of investigated material (wt.-%)
C
Mn
Si
Cr
Ni
Mo
0.08
1.10
0.15
0.74
1.11
0.60

V
0.001

S
0.017

P
0.015

Cu
0.22

The SANS measurements were performed at the instrument V4 of the Berlin Neutron
Scattering Center of Helmholtz Zentrum Berlin [1]. Samples were placed in a magnetic field
of 1.2 T perpendicular to the incident neutron beam. The SANS raw-data treatment and
analysis described in [2] was performed using the BerSANS software package [3]. Further
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analysis is based on the indirect transformation method [4] and provides the size distribution
of scatterers without assuming a certain type of distribution. The A-ratio, originally defined as
the ratio of the scattering cross-sections perpendicular and parallel to the magnetic field
direction , was calculated in the size space after performing the transformation according to
the relation, A = 1 + M / N, where M and N denote the area under the size distribution curve
obtained from the magnetic and nuclear scattering contributions, respectively.
Table 2: Irradiation conditions (fluence and flux values for neutron energy, E > 1 MeV) and
irradiation-induced changes of yield stress and brittle-ductile transition temperature
(Measuring uncertainties are of the order of 10%)
Code
Time
TemperaFluence, Φ Flux, ϕ
Δσy
ΔT41
ture in °C
in cm-2
in cm-2s-1
in MPa
in K
19
12
I-1
2.2x10
2.1x10
122 days
285
211
119
I-2
2.2x1019
6.0x1010
11.6 years 288
196
111
3.

Results

The coherent magnetic scattering cross-sections obtained for the RPV weld and the
reconstructed volume-weighted size distributions are shown in figure 1. The scattering crosssections of the low-flux and high-flux irradiations exhibit characteristic differences
manifesting themselves in different size distributions. The results of the SANS measurements
are summarized in table 3. The increase of the peak radius (marked for the green curve in
figure 1b) of the volume-weighted size distribution of scatterers by a factor of about 2 is the
most prominent effect of reducing the flux by a factor of 35 at constant fluence. The total
volume fraction of scatterers is approximately independent of flux. The increase of size at
constant volume fraction requires the number density to decrease as shown in table 3. The
maximum size of scatterers (see figure 1b) increases from 2 nm for the higher flux to 4 nm for
the lower flux. The size distribution obtained for the lower flux seems to consist of two
overlapping components. However, these cannot be separated without assumptions on the
type of distribution.

Fig. 1: (a) Coherent magnetic scattering cross sections obtained for different conditions of the
RPV weld, (b) Reconstructed size distributions of irradiation-induced defects
Table 3: Parameter of irradiation-induced clusters detected by SANS
Code
Peak radius in
Volume fraction
Number density in
nm
in %
cm-3
I-1
0.85
0.51 ± 0.02
17 x 1017
I-2
1.6
0.53 ± 0.02
5 x 1017
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A-ratio
2.3 ± 0.1
2.5 ± 0.1

4.

Discussion

We have observed that the A-ratio is approximately independent of flux. This is an indication
of similar compositions of the scatterers in both cases. On the one hand, the A-ratio of about
2.4 implies that the scatterers are not pure Cu, which would require a much higher A-ratio [5].
This is confirmed by the measured total volume fractions, which are significantly larger than
the total Cu content. Atom probe investigations performed for similar RPV materials confirm
that Cu is an important constituent of the clusters [6, 7]. These results indicate that irradiationenhanced Cu diffusion controlled by the vacancy concentration could be responsible for the
observed flux effect. In order to check this possibility, we apply a simple rate theoretical
estimation below.
The constituents of our rate theory model are the balance equations for point defects
(vacancies and self-interstitial atoms) and for Cu-clusters. We assume the ratio of irradiation
enhanced and thermal Cu-diffusivity to be given by the ratio of steady-state and equilibrium
concentration of vacancies. Based on asymptotic considerations of the equations involved in
the model, we have found that there are two different flux regimes (figure. 2). In the low-flux
regime, the growth rate of Cu-rich clusters is independent of flux. In this case, the dominant
process causing the loss of vacancies is the disappearance at sinks like grain boundaries or
dislocations. The high-flux regime with vacancy-interstitial recombination as prevailing
mechanism of vacancy loss is characterized by an inverse proportionality of the growth rate
with the square root of flux. The rate theory model [8] also yields an expression for the
transition flux estimated to be 0.7 x 1012 cm-2s-1 under the present conditions. In other words,
the investigated low-flux irradiation of the weld material belongs to the flux-independent
regime whereas for high-flux irradiation a reduced rate of cluster growth is expected in
qualitative agreement with the experimental observation.
Although a strong flux effect on the cluster size is observed, it is important to notice that the
mechanical properties essentially agree for the two irradiation conditions (see table 2). This
shows that the volume fraction of the irradiation-induced clusters (which is the same for both
irradiation conditions, see table 3) governs the mechanical properties whereas cluster size is
secondary in the present case.

Fig. 2: Cluster growth rate normalized to the limiting rate at zero flux vs. neutron flux
normalized to the transition flux
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5.

Conclusions

The SANS investigation of a RPV weld material irradiated at different levels of neutron flux
(differing by a factor of 35) up to the same fluence shows that the clusters are substantially
larger (by a factor of 2) for irradiation at low flux, whereas the volume fraction of irradiationinduced clusters is essentially independent of flux. We found that this result can be explained
by the transition from a flux-independent regime of cluster growth at lower flux to a second
regime, where cluster growth mediated by irradiation-enhanced Cu diffusion depends
inversely on the square-root of flux.
The results indicate that the mechanical properties are mainly determined by the volume
fraction of the clusters whereas cluster size seems to be of minor influence [9]. It is important
to emphasize that these findings are consistent with the basic assumption of current
surveillance programs.
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FINITE ELEMENT CALCULATIONS FOR TIME-DEPENDENT
THERMAL ANALYSIS OF EPOS COMPONENTS
Matthias Werner, Eberhard Altstadt, Gerhard Brauer, Klaus Noack,
and Reinhard Krause-Rehberg
1.

Introduction

The positron beam technique is a unique tool to study crystal lattice defects and open-volume
cavities of nanometres scale in thin samples and layers [1].
The superconducting electron LINAC ELBE (Electron Linac with high Brilliance and low
Emittance) at Forschungszentrum Rossendorf [2] gives the unique possibility to construct an
intense positron beam line for materials research. The positron beam will be bunched for
positron lifetime spectroscopy by making use of the primary bunch structure of the ELBE
electron beam (77 ns repetition time of 5 ps bunches, cw-mode, 40 MeV, 1 mA).
A detailed description of the ambitious intentions to realize the EPOS project has already
been published [3]. However, this realization is not straightforward and sometimes several
options have to be considered and tested before a reasonable solution to a certain problem is
found. The present report reviews activities with respect to the thermal analysis of EPOS
components. Such efforts are essential for an efficient choice of construction materials.
In particular, this report analyses the thermal behaviour of the positron moderator and the
electrostatic lenses designed in such a way that a mono-energetic positron beam can be
formed for transportation into the positron laboratory. Fig. 1 shows the configuration under
consideration.

Fig. 1: Part of the EPOS configuration arrangement and the definition of the estimation
volumes (MCNP cells)
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In a first step, the volumetric heat generation is calculated using the code MCNP. In a second
step, the time dependent temperature distributions are evaluated using the finite element code
ANSYS
2.

Evaluation of the heat generation rates

The heat generation rates in the moderator and lenses were calculated with the Monte Carlo
code MCNP®-5, release 1.40 [4]. MCNP is a general-purpose Monte Carlo N-Particle code
that can be used for stochastically simulating neutron, photon, electron, or coupled
neutron/photon/electron transports. The code is able to treat an arbitrary three-dimensional
configuration of materials.
For neutrons and photons energy pointwise cross-section data given in Evaluated Nuclear
Data Libraries (such as ENDF/B-VI) are used to account for the various interactions with the
materials. In case of electrons they are treated by means of a continuous-slowing-down
model. The code allows the estimation of a broad range of integrals of the space-, energy- and
direction-dependent particle fields together with their statistical errors. For the study
presented in this report the mean values of the heat generation by photons and electrons
averaged over user-defined volumes were calculated in a coupled electron/photon/neutron
transport simulation. Contributions from neutrons to the heat generation are negligible.
The results of the calculation cells are listed in Table 1. The energy input values are given as
integral values in the volumes Vi for one electron with an energy of 40 MeV.
Table 1: Results of the energy input calculation
Mass
Energy input
Rel. stat.
Cell Volume
[g]
Ei [MeV]
error [-]
Vi [cm³]
202 1.414e-2 2.714e-1
1.18e-2
0.0028
210 3.000e-4 2.304e-3
5.77e-5
0.0223
220 3.000e-4 2.304e-3
2.42e-4
0.0147
230 3.919e-2 3.010e-1
9.10e-3
0.0031
231 3.919e-2 3.010e-1
4.26e-3
0.0044
232 3.919e-2 3.010e-1
2.28e-3
0.0062
233 3.919e-2 3.010e-1
1.37e-3
0.0081
234 3.919e-2 3.010e-1
8.84e-4
0.0104
235 3.919e-2 3.010e-1
6.09e-4
0.0122
236 3.919e-2 3.010e-1
4.28e-4
0.0175
241 7.389e+0 5.675e+1
1.88e-2
0.0063
243 1.461e-3 1.122e-2
5.32e-4
0.0086

Comment
W-moderator, complete
additional cells to account for the
gradient in beam direction

ring 1, height 1 cm
ring 2, height 1 cm
ring 3, height 1 cm
ring 4, height 1 cm
ring 5, height 1 cm
ring 6, height 1 cm
ring 7, height 1 cm
lower part of the lens
grid at the top of the lens

The volumetric heat generation rate is obtained by:

Q ivol =

Ei
⋅I/e
Vi

(1)

where I is the current of the electron beam and I / e equals the number of electrons per second.
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3.

Thermal calculations

Based on the code ANSYS® a finite element model is used to calculate the transient
temperature distribution in the moderator, the grid and in the positron lens. Heat conduction
within the materials and radiation heat transfer at the surfaces is considered. The heat
generation density is obtained from Table 1. An axisymmetric model was chosen assuming
that the temperature gradient in beam direction is negligible. To be conservative with respect
to the maximum temperature, the greater value of the heat generations in the additional cells
210 and 220 was added in the upper region of ring 1 (cf. Table 1). The heat conduction and
the volumetric heat input is realised by the ANSYS element type PLANE55 whereas the
element type SURF151 is used for the heat radiation. Surfaces that are not meshed with
SURF151 are adiabatic. The Fe model consists of 2362 elements and 2335 nodes.

Fig. 2: Scheme of the axisymmetric FE-model with indication of the MCNP cell numbers

The lens and the grid are made from stainless steel. For the moderator two material options
are considered Pt and W. In the grid range of the model reduced (or effective) material
constants are used to consider the open area fraction of 90%.
Fig. 3 and 4 show the emission coefficients vs. T for tungsten and platinum respectively.

72

Fig. 3: Emission coefficient of tungsten vs.
temperature
4.

Fig. 4: Emission coefficient of platinum vs.
temperature

Results

Transient calculations were performed for different scenarios. The following parameters were
varied:
•
•
•
•

the power of the beam (100% - full and 1% - diagnostic mode)
the material of moderator (W or Pt)
the thickness of the moderator
the heat generation in the grid (100% - upper bound; 10% - realistic case).

The temperature distribution of the moderator was calculated for Pt and W with a nominal
thickness of 0.04 mm at 100% beam power. It was shown that the steady state temperature is
reached at about t = 8 s in both cases. The final temperature in W is 1144 K and in Pt 1158 K.
The somewhat smaller value in W correlates to the slightly larger emission coefficient at
~1000 K.
In the following we investigate the influence of the moderator thickness on the maximum
temperature. It is obvious that the maximum temperature will increase with increasing
thickness, since the volume to surface ratio is given by:
V
s
=
A surf 2 + 4 ⋅ s / D

(2)

where s and D are thickness and diameter respectively of the moderator disc (s<<D). The
thickness should be chosen in such a way that the maximum temperature is sufficiently far
from the melting temperature of the material and the maximum temperature is high enough to
enable the healing of the microstructural point defects caused by the irradiation.
The thickness of the moderator was varied from 0.01 mm to 0.7 mm for W and from 0.01 mm
to 0.40 mm for Pt. The dependence of Tmax on the thickness is shown in Fig. 5. The total heat
input, which is proportional to the thickness, is indicated in the upper horizontal axis.
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Fig. 5: Maximum moderator temperature in dependence on thickness

The temperature distributions in the lens (grid and tube) are discussed for the following
situations: 100% heat generation and 1% heat generation in the tube and in the grid. For the
upper bound case the influence of the emission coefficient of steel is investigated in the range
0.03 ≤ εst ≤ 1 because the emission coefficient of steel strongly depends on the surface
finishing. Fig. 6 shows the temperature vs. time for 100% beam power at different locations.
The steady state is reached after ~60 s.

Fig. 6: Temperature vs. time for different positions; 100% beam power, emission coefficient
ε = 0.24

The beam power of the diagnostic mode is 1% of the nominal power. The volumetric heat
generation rate is reduced likewise. The temperatures vs. time are shown in Figure 7. The
calculations were performed for the nominal emission coefficient of ε = 0.24. As expected the
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temperatures are much lower than with full beam power. The overall maximum is about
409 K = 136 °C.

Fig. 7: Temperature vs. time for different positions in the upper part of the lens and in the
moderator; 1% beam power (diagnostic mode)
5.

Conclusions

We performed a time-dependent thermal analysis of the metallic parts (positron moderator
and electrostatic extraction lens) of the positron source EPOS being directly exposed to the
high-energetic, high –flux electron beam of the radiation source ELBE. The temperature of
the moderator can be adjusted by varying the thickness of the foil. It is possible to obtain high
enough temperatures to ensure defect annealing under operation conditions. This will lead to a
larger positron diffusion length, and thus to a higher efficiency of the electron-positron
conversion. The upper part of the extraction lens tube which is hit by the high-intense electron
beam must be thinned in order to reduce the heat load. A version having a wall thickness of
only 50 μm has been realized. We expect a temperature not higher than 1150 K. The mesh
grid on top of the extraction tube which is also made from stainless steel will have a
temperature about 1100 K at full beam power. All this parts will be at stable operation
temperature after less than 60 s.
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NANOINDENTATION OF ION-IRRADIATED FE-CR MODEL ALLOYS
AND FERRITIC/MARTENSITIC STEELS
Cornelia Heintze, Carmen Recknagel, and Frank Bergner
1.

Introduction

Ferritic/martensitic Cr-steels are candidate materials for future nuclear applications such as
Generation-IV fission or fusion reactors. In these applications structural materials of some
components are exposed to intense irradiation fields, high temperatures and mechanical
loading, which cause degradation of the mechanical properties. To ensure the integrity and
safety of these components the degradation mechanisms and their impact on the mechanical
properties have to be understood.
In order to investigate the effect of irradiation on the mechanical properties self-ion irradiation
was chosen to simulate the damage induced by fast neutrons. The major advantages of ion
irradiation are the avoidance of activated material due to neutron irradiation, the reduction of
irradiation times and improved capabilities to vary irradiation conditions. However, the
limited penetration depth of the ions requires special methods to characterize the ion-induced
damage. The present investigation is focused on the application of nanoindentation. The aim
is to contribute to the understanding of irradiation hardening. For ferritic/martensitic Cr-steels
the influence of Cr on the hardening behavior is of special interest. Therefore, Fe-Cr model
alloys are investigated in addition to ferritic/martensitic steels to separate the Cr effect.
2.

Experiments

The reduced activation Cr-steel, Eurofer’97, and Fe-Cr model alloys containing 2.5, 9 and
12.5 at%Cr were investigated. The chemical composition, origin and heat treatment of the
materials are summarized in Tables 1 and 2. The specimens were prepared by grinding with
SiC-paper (up to 2500 grit) and polishing with diamond suspension (particle size 3 µm and 1
µm). Single beam ion irradiations with Fe-ions were performed at the 3 MV-Tandetron
accelerator of Forschungszentrum Dresden-Rossendorf, Institute of Ion Beam Physics and
Materials Research. The irradiations were carried out at 300°C up to damage levels of 1 dpa
and 10 dpa (displacements per atom).
The resulting damage profiles were calculated by means of the SRIM code version 2006.02
assuming an average displacement energy of 40 eV [1]. A one-step irradiation using a single
ion energy causes a non-monotonously graded damage profile as shown in Fig. 1 for the
irradiation with Fe-ions with an energy of 5 MeV. The resulting non-homogeneous damage
layer considerably complicates the interpretation of the hardness results. Therefore, a threestep irradiation with different ion energies was applied to obtain a roughly rectangular
damage profile (Fig. 1) which allows for more reliable hardness results compared to a onestep irradiation. The thickness of the damage layer is about 1.4 µm.
The depth-sensing nanoindentation measurements were carried out with the UNAT device
(asmec GmbH) using a Berkovich indenter. Indentation loads in the range from 1 to 500 mN
corresponding to a maximum indentation depth from about 100 nm to 4 µm were applied.
Corrections were performed for system stiffness, indenter area function and thermal drift. The
hardness values for each load were determined from at least 10 single load-depth curves
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analyzed according to the Oliver and Pharr method [2]. For Fe-9at%Cr (300°C, 1 dpa) the
irradiated region was characterized by means of transmission electron microscopy(TEM).
Table 1: Chemical composition (wt%)
Cr
Ni
Mn
Eurofer’97
8.82 0.02 0.47
Fe-2.5at%Cr
2.4
0.044 0.009
Fe-9at%Cr
8.4
0.07 0.03
Fe-12.5at%Cr 11.6 0.09 0.03

W
1.09
-

V
0.2
0.001
0.002
0.002

Table 2: Origin and heat treatment
Material
Heat treatment
Eurofer’97 Normalized (980°C/27 min/AC)
& tempered (760°C/90 min/AC)
Fe-Cr
Normalized (1050°C/3 h/AC) &
tempered (730°C/4 h/AC)

Ta
0.13
-

C
0.11
0.008
0.02
0.027

P
0.005
0.013
0.012
0.05

Si
0.04
0.02
0.09
0.11

N
0.02
0.012
0.015
0.024

Cu
0.002
-

Origin
Böhler (Austria), production nr. T512, batch
249, heat 83698, plate 14.5 mm
SCK-CEN, Mol (Belgium)

Fig. 1: Damage profile calculated by SRIM for a three-step irradiation with Fe-ions up to 1
dpa using energies of 500 keV, 2 MeV and 5 MeV and fluences of 1.8 × 1014 cm-2, 2.9 ×
1014 cm-2 and 5.6 × 1014 cm-2, respectively (solid line) and for a one-step irradiation with Feions of 5 MeV (dotted line)
3.

Results

The load dependence of the hardness is shown in Fig. 2 for the Fe-Cr alloys and Eurofer’97 in
the unirradiated condition. The curves exhibit the well-known indentation size effect (ISE)
which is about the same for Cr-contents of 9 and 12.5 at% as well as Eurofer’97. A
significantly stronger ISE was observed for Fe-2.5at%Cr. The ISE was discussed in detail in
[3] for Eurofer’97. In the present work the load dependence of hardness for the unirradiated
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conditions is taken as reference. For the Fe-Cr model alloys the hardness increases with Crcontent. As expected, Eurofer’97 shows a significantly higher hardness compared to the Fe9at%Cr model alloys.
The load dependence of the hardness of the Fe-Cr alloys and Eurofer’97 ion-irradiated at
300°C up to 1 and 10 dpa is presented in Fig. 3. It can be seen that the load dependence is
further modified by the irradiation-induced formation of a harder damage layer. The measured
hardness value should be representative of the layer if the indentation depth is smaller than
about 10% of the thickness of the damage layer. Otherwise, the hardness is a composite value
approaching substrate hardness at large indentation depth. In case of an inhomogeneous
damage layer, like the one resulting from a one-step irradiation, the interpretation is
considerably more complicated.

Fig. 2: Load dependence of the hardness of the Fe-Cr model alloys and Eurofer’97 in
unirradiated condition
The irradiation-induced hardness change at an indentation load of 5 mN is depicted as a
function of dpa in Fig. 4 at an irradiation temperature of 300°C. The indentation load of 5 mN
was chosen as a compromise between the influence of the unirradiated substrate increasing
with load and the uncertainty of the measured hardness values increasing with decreasing
load. Each of the three Fe-Cr alloys exhibits significant hardening at 1 dpa. In the low
chromium alloy (2.5 at%) the hardness further increases up to 10 dpa, while the data indicate
a saturation-like behavior for the alloys with chromium contents of 9 and 12.5 at%. In
contrast to Fe-9at%Cr the irradiation-induced hardening of Eurofer’97 increases up to 10 dpa.
The hardening of Eurofer’97 is still lower at 1 dpa, but it exceeds the hardness change of Fe9at%Cr at 10 dpa.
A distribution of irradiation-induced dislocation loops was observed by TEM in Fe-9at%Cr
ion-irradiated at 300°C up to 1 dpa (Fig. 5) [4].
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Fig. 3: Load dependence of the hardness of the Fe-Cr alloys and Eurofer’97 in unirradiated
condition and irradiated at 300°C up to 1 and 10 dpa

Fig. 4: Fluence dependence of the irradiation induced hardness change in the Fe-Cr alloys
and Eurofer’97 at an indentation load of 5 mN
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Fig. 5: TEM micrograph for Fe-9at%Cr (300°C, 1 dpa)
4.

Discussion

The rectangular damage profile produced by the three-step irradiation and the measured load
dependence of hardness constitute a reliable basis for the characterization of irradiation
damage. The irradiation-induced hardness increase at an indentation load of 5 mN turned out
to be a representative measure. Below we give a tentative mechanistic interpretation of the
experimental findings.
For the present discussion we assume that the damage in units of dpa is the dominant
parameter and ignore the effect of secondary parameters such as type and energy of particles
or flux. This enables us to refer to microstructural data obtained from neutron-irradiated
materials in order to interpret the results of the present work. Information about the size and
number density of dislocation loops was gathered by TEM for the same Fe-Cr model alloys
[5] and Eurofer’97 [6]. The transferability of these results is qualitatively confirmed by the
observation of dislocation loops in ion-irradiated Fe-9at%Cr (Fig. 5). Precipitates such as α’phase can be detected by means of small angle neutron scattering (SANS) which was also
applied to the Fe-Cr model alloys [7, 8, 9] and Eurofer’97 [10]. As a first approximation, the
hardening is assumed to be independent of the size of the irradiation-induced defects and is
mainly determined by their concentration. In Table 3, reported concentrations are summarized
in terms of number density of dislocation loops and volume fraction of α’-particles.
Table 3: Summary of microstructural data [5-10]
Neutron exposure
Loop number density
Material
[dpa]
[1021m-3]
0.6
2.7
Fe-2.5at%Cr
1.5
2.2
0.6
1.9
Fe-9at%Cr
1.5
1.7
0.6
1.7
Fe-12.5at%Cr
1.5
1.7
0.6
Eurofer’97
2
1.5
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Volume fraction of α’
[vol%]
0
0
<0.2
<0.2
4.3
4.3
Similar to Fe-9at%Cr

According to Table 3 the number density of the dislocation loops is observed to be
independent or a slightly decreasing function of the fluence for each of the materials.
Therefore, the hardening contribution of the loops is expected to stay about constant as
observed for Fe-9at%Cr and Fe-12.5at%Cr (Fig. 4). Another hardening contribution is caused
by Cr-rich α’-particles expected for Cr contents above about 9 at% [11]. SANS results (table
3) demonstrate that the volume fraction of α’ saturates for 12.5 at% Cr and is much smaller
for Fe-9at%Cr. This observation is consistent with the present nanohardness data. In
particular, it explains the higher saturation level of Fe-12.5at%Cr in comparison to Fe-9at%Cr
at about the same loop densities. The hardness increase for Fe-2.5at%Cr compared to Fe9at%Cr at 1 dpa is consistent with the higher loop number density. But the further hardening
up to 10 dpa cannot be explained by the presence of dislocation loops only. SANS revealed
the presence of small defects which were tentatively interpreted as Cr-C clusters [8].
The fluence dependence of the hardening of Eurofer’97 is different from Fe-9at%Cr (Fig. 4).
The lower hardening at 1 dpa can be explained by the reduced impact on hardening of about
the same loop number density as found in Fe-9at%Cr at the higher initial hardness of
Eurofer’97. The additional hardening at 10 dpa might be caused by the irradiation-induced
defects detected by means of SANS [10] and tentatively interpreted as microvoids.
Alternatively, Cr-C clusters as for Fe-2.5at%Cr could also play a role.
5.

Conclusion

The load dependence of nanohardness was measured for Fe-Cr model alloys and Eurofer’97
exposed to three-step self-ion irradiations. A saturation-like behavior of the irradiationinduced hardening was observed for Fe-9at%Cr and Fe-12.5at%Cr, but not for Fe-2.5at%Cr
and Eurofer’97. A tentative mechanistic interpretation was given on the basis of dislocation
loops observed by TEM and Cr-rich α’ particles detected by SANS for the same materials
irradiated with neutrons.
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Accident Analysis of Nuclear Reactors
The research is aimed at the enhancement of the predictive capability of computer simulations
of accident scenarios in presently operating and future nuclear reactors. This is achieved by
improvements of the neutron kinetics methods and by coupling of the FZDs reactor dynamics
model DYN3D to thermo-hydraulics system codes and to computational fluid dynamics
(CFD) simulations. This is performed primarily within the European code platform
NURESIM.
In particular, it is the objective to promote the basic understanding of coolant mixing
phenomena relevant for boron dilution and pressurized thermal shock scenarios in Light
Water Reactors (LWR) and to adequately simulate inherent feedback mechanisms ensuring
the controllability of accidents with assumed failure of the reactor scram system.
Moreover, the field of applicability of the reactor dynamics simulations is extended to
innovative reactor concepts. New code versions of DYN3D are going to be developed and
validated for such designs. Analytical methods of time-dependent neutron transport theory are
developed to basically understand the propagation of neutron pulses in accelerator driven subcritical systems for transmutation of minor actinides.
S. Kliem,
S. Mittag,
U. Rohde,
S. Baier
Y. Kozmenkov,
Y. Bilodid.
A. Gommlich,
P. Tusheva
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Development, Validation and Application of the Code Complex
DYN3D - ATHLET
In the course of the continuous development of the Rossendorf reactor
dynamics code DYN3D, a multi-group transport approach was
implemented for the improved description of spectral effects and to
overcome the limitations of the diffusion approximation.
The extended code version was integrated into the European code
platform NURESIM. In the corresponding European project, a
systematic validation of DYN3D against mathematical benchmarks and
experimental data from research reactors was performed. Presently,
DYN3D is used by 13 organisations in 7 countries, among them member
institutes of the Helmholtz Society (FZ Jülich, FZ Karlsruhe).
In the frame of a PhD study, the capabilities of an advanced fuel burn-up
model based on the direct solution of the nuclide balances during the
burn-up process within DYN3D were demonstrated. By the help of this
model, so-called history effects in burn-up and their influence on the
power distribution can be described more precisely.
The development of a DYN3D code version for gas-cooled high
temperature reactors was started. A specific feature of this reactor design
consists of fuel particles included in hexagonal graphite blocks.
Therefore, heterogeneity effects and 3D heat conduction in the graphite
structures have to be taken into account, for which new modules of
DYN3D are going to be developed.
The expertise of the institute on thermo-hydraulic system codes and
coupled neutronics/thermo-hyraulics code complexes is increasingly
appreciated by industry. For example, analyses on the efficiency of the
boron injection system in Boiling Water Reactors were performed under
the auspices of Vattenfall. Moreover, the code complex DYN3DATHLET was applied to the analysis of Anticipated Transients Without
Scram (ATWS) in Pressurized Water Reactors, where the reactor
behaviour is fully dominated by inherent feedback mechanisms.
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Neutronics for Innovative Reactor Concepts
In the frame of the European project LWR-DEPUTY, reactor physics
calculations were done on the burn-up behaviour of Thorium fuel. These
investigations are aimed at the minimisation of long-lived higher
actinides content in radioactive waste.
Analytical approximation methods of the time-dependent neutron
transport theory, which allow a more accurate interpretation of
measurements in pulsed sub-critical systems (ADS) are developed
within the European project EUROTRANS.
Capabilities of the HELIOS neutron transport code as a “working horse”
for deterministic reactor physics calculations were studied. In
comprehensive tests, the impact of the spatial discretisation on
calculated cross section data and critical parameters was investigated.
Via comparison with Monte Carlo methods (code MCNP) it was shown
that critical parameters of the complex HTR fuel (fuel particles in
graphite matrix) can be calculated by HELIOS with appropriate
accuracy.
Investigations on Coolant Mixing
The modelling of coolant mixing is highly relevant for nuclear reactor
safety, because mixing is the only decisive inherent mechanism to
prevent serious consequences of boron dilution accidents. Experimental
investigations on coolant mixing in PWR were performed at the
ROCOM test facility and complemented by CFD simulations. Extended
numerical grids comprising all relevant parts of the facility and
advanced turbulence models (SST model, Detached Eddy Simulation)
were used in the simulations.
The expertise in mixing phenomena was exploited within a European
TACIS project on boron dilution and overcooling transients in VVER
type reactors.
ROCOM was selected as the reference facility of the OECD for mixing
investigations and is going to be involved in an OECD project.
Development of CFD Models for the Simulation of Fibre Loaded
Coolant Flow
Insulating material (mineral wool) may be released from pipes and
components during loss-of-coolant accidents in NPP and will be
transported with the coolant towards the reactor sump. There it might
lead to blockage of the sieves separating the suction chambers of the
safety injection pumps from the sump leading to failure of the late phase
emergency core cooling. Within a research project supported by BMWi
aimed at the simulation of the behaviour of mineral wool particles in the
sump pool flow, models were developed for the transport, sedimentation
and re-suspension of isolation material. The work is done in cooperation with the University of Applied Sciences Zittau/Görlitz, where
experiments are performed, while FZ Dresden-Rossendorf is responsible
for the CFD modelling. It was shown, that an adequate description of the
transport of isolation material with flowing fluid must be based on the
use of a variable turbulent dispersion coefficient, which is dependent
from the length and time scale of the local turbulent parameters. A
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model based on the Ergun/Davies equation was elaborated to describe
the differential pressure on a strainer dependent on the fibre load and the
flow conditions. The model constants were adapted for the simulation of
different materials based on experiments performed in Zittau. Further
investigations were directed on the air entrained by a jet and its
influence on the water flow field. The consequences on the preferred
location of fibre deposition could be shown. In a new project that started
in October 2008, the impact of corrosion products and water chemistry
is investigated under realistic sump cooling conditions. For the
clarification of the influence of chemical effects on strainer clogging,
first analyses of isolation material probes by the help of REM/EDX were
done. In these investigations, precipitations of zinc on the surfaces of the
fibres were found, which are assumed to be caused by crystallisation
processes on the fibres themselves.
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Materials and Components Safety
The change in the toughness behaviour of reactor pressure vessel materials is investigated as
it results from neutron and gamma irradiation. The consequences are evaluated with respect to
the safety of light water reactors (LWRs). For this purpose, material and fracture mechanical
parameters of irradiated specimens have to be measured under hot cell conditions. The
interpretation of the experiments is supported by finite element calculations. The microstructural reasons and mechanisms of the neutron embrittlement are studied by small angle
neutron scattering and nano indentation experiments supported by nano-scaled modelling.
These microstructural methods are also applied to materials which are currently developed for
new reactor concepts (GEN-IV reactors).
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U. Rindelhardt,
E. Altstadt,
C. Zurbuchen,
J. Schuhknecht
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Investigation of Reactor Pressure Vessel Material of the Dismantled
Greifswald NPP
The characterisation of the irradiated, annealed and re-irradiated core
welding seam of unit 1 revealed a large scatter of the fracture toughness
and an irregular course of the reference temperature (T0) over the wall
thickness. It could be shown that the different T0 result from the
microstructure of the multi layer welding seam rather than from the reirradiation. In the range of the filling layers, reference temperatures
between -33 °C and +20 °C were found. The high values of T0 are
located in the melting zones between two layers. Nevertheless, a
successful thermal recovery and low re-embrittlement can be stated.
Application of the Master Curve Concept to Irradiated Material
Within a project with the Swiss HSK (Hauptabteilung für die Sicherheit
der Kernanlagen), the influence of the specimen size, pre-crack
geometry and the loading rate upon the Master Curve(MC) reference
temperature (T0) is studied. Compact tensile and large scale bending
specimens were manufactured from the RPV steel 22 NiMoCr 3-7. It
was shown, that fracture toughness values measured with different
specimen thicknesses can be mutually translated. The applicability of the
MC concept with dynamic loading was proven.
Analysis of VVER-440 PTS Scenario
The finite element based fracture mechanical evaluation of a VVER440-RPV for a PTS (pressurizes thermal shock) scenario has shown, that
the mechanical integrity of a RPV wall after 30 years of irradiation can
only be guaranteed in case of intact cladding. Assuming contrarily a
surface crack, a thermal recovery (annealing) has to be performed after
about 19 full power years.
Analysis of the Irradiation Induced Microstructural Changes
Within the EU project PERFECT, extended SANS experiments at model
alloys were evaluated and interpreted together with TEM, atom probe
and PAS analyses of the project partners. Moreover, SANS experiments
were performed at material specimens of the Greifswald NPP. It could
be shown, also from the microstructural point of view, that the RPVs of
units 1 and 2 were successfully thermally recovered. In the EU project
GETMAT, the formation of irradiation induced defect clusters in Fe-Cr
alloys was investigated as a function of the neutron fluence and the Cr
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content. The irradiation behaviour of alloys with up to 9% Cr on the one
hand and of alloys with more than 9% Cr on the other hand is basically
different.

F. Bergner,
C. Heintze,
P. Franke

Characterisation of Ion Irradiated Gen-IV Materials
In cooperation with the FZD Institute of Ion Beam Physics and
Materials Research we continued the simulation of neutron irradiation
induced damage by irradiation with ions. The diploma thesis “Depth
sensing nano hardness measurements and accompanying atom force
microscopy at unirradiated and ion irradiated steels” was successfully
finished. An irradiation induced increase of the hardness could be
proved for the ferritic-martensitic Cr steel Eurofer’97, for the austenitic
steel SS 304 and for a 9%Cr model alloy.

F. Bergner,
U. Birkenheuer,
A. Gokhman,
R. Küchler

Modelling of the Irradiation Induced Embrittlement
Within a project supported by BMWi, a new modular software package
which is used to evaluate RPV steel embrittlement was further
developed for application to Cu-vacancy clusters. By employing the
Fokker-Planck transformation a significant reduction of the computational effort could be achieved. Two dimensional dislocation
simulations were started to describe the effect of defect clusters on the
mechanical properties.

89

Thermal Fluid Dynamics of Multi-Phase Flows
The general aim of the work done in the field of thermal fluid-dynamics is the qualification of
Computational Fluid Dynamics (CFD) codes for the simulation of complex two-phase flows
with relevance for industrial applications. To achieve this goal, closure models are needed for
the interaction between the phases, i.e. mass, momentum and heat transfer. For the special
case of dispersed bubbly flow, all these transfers strongly depend on the local bubble size
distribution. For this reason, the gas phase has to be split into a number of size groups in case
of polydisperse flows. Transfers between these groups are amongst others determined by
bubble coalescence and fragmentation. For stratified flows in horizontal components models
for the transfers at the free interface and for the coupling of the turbulence fields are required.
The theoretical work is based on sound experiments at the TOPFLOW test facility using
advanced two-phase measuring instrumentation, which is developed in the framework of the
present project.
E. Krepper,
Y. Liao,
D. Lucas
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Qualification of CFD Models
The basic equations were derived to extend the Inhomogeneous MUSIG
(MUlti Bubble SIze Group) model to mass transfer between the bubble
groups. They are ready for the implementation into the CFX code which
is presently done by ANSYS.
The validation of the existing Inhomogeneous MUSIG model was
continued using data from a new extensive test series for upward airwater flow in a vertical DN200 pipe at the TOPFLOW facility. The
simulations confirmed the findings, that the implemented models for
bubble forces are applicable for a wide range of parameters, while the
transferability of the presently available models for bubble coalescence
and fragmentation is still limited.
For this reason, investigations were done which focus on the
improvement and generalization of these models. Based on an extended
assessment of the available models for bubble coalescence and breakup,
the first version of a new fundamental model was developed and
implemented into a test solver. This model considers different
mechanisms for bubble coalescence and breakup. First simulations for
adapting and validating the model were carried out using the above
mentioned TOPFLOW data from air-water flow in a vertical pipe.
Experiments and CFD-Simulations for a PWR Hot Leg Geometry
Air-water as well as steam-water experiments on co-current and countercurrent flow were conducted in a hot leg model at the TOPFLOW
facility. The experimental series included extensive investigations of the
Counter-Current Flow Limitation (CCFL) phenomenon, which is
important for nuclear reactor safety.
The different fluid properties in the single experimental runs
(experiments were carried out for air-water at 0.3 MPa and for steamwater at 1.5, 3 and 5 MPa) allowed investigating the influence of the
material parameters on CCFL. As a result a modified Wallis parameter
was suggested to obtain the flooding curve.
A statistical evaluation of the experimental data was done to provide
data suitable for comparison with CFD simulations. Such simulations
were conducted using the newly implemented Algebraic Interfacial Area
Density (AIAD) model together with an approach for turbulence
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damping at the interface. The AIAD model allows the application of
closure models in dependency on the local flow morphology.
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Investigations on Bubble Entrainment by a Liquid Jet
CFD calculations were done to simulate the bubble entrainment by an
impinging liquid jet as well as the bubble migration after entrainment.
New experimental data which were obtained by high-speed video
observation for such a flow situation in a small scale vessel were used
for the validation. Characteristic parameters, such as the penetration
depth of the bubbles, showed a good agreement between simulations and
experimental data.
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Ultra fast X-ray Tomography
The ultrafast X-ray tomography scanner ROFEX and a DN50 test
section for upward co-current steam-water and air-water two-phase flow
studies at TOPFLOW were prepared for an experimental campaign. For
that, the necessary radiation protection measures were implemented, the
electron beam monitoring was decisively improved, and a vertical
positioning unit was commissioned. Within the DFG-funded project
“Ultraschnelle Röntgentomographie”, for the first time ever, a real twophase flow was scanned in a small pipe in dual-plane scanning mode.
This will allow to measure gas phase velocities in pipe flow in the
future. Also for the first time, a three-dimensional scanning mode was
successfully tested at 1000 volume scans per second.
Optimisation of the Gamma Ray Tomography for Void Fraction
Measurements in Fuel Rod Assemblies
For the measurement of steam distributions and the detection of the
boiling crisis in BWR rod bundle mockups under original thermalhydraulic conditions, a gamma ray tomography system was developed
and put into operation. This system is being utilized at the KATHY
thermal hydraulic test facility of AREVA NP Germany. Besides decisive
improvements in the thermal stability of the scanner, dedicated data
processing algorithms for radiation scatter correction and computation of
local gas fraction were successfully developed and tested.
Comparative Experimental Studies of Gas/Water and Oil/Water
Two-Phase Flow
A new capacitance wire mesh sensor measurement system with 24 x 24
measuring points was applied to study oil-gas two-phase flow in a
vertical pipe of 67 mm inner diameter at the University of Nottingham.
There it was for the first time demonstrated that this new sensor can be
successfully operated under harsh near-industrial operating conditions.
The flow structural data acquired with the wire mesh sensor were
analyzed with respect to radial gas profiles and bubble size distributions
as a function of the superficial gas and liquid velocities. The work was
rewarded with a Best Paper Award at the PROCTOM symposium 2008
in Zakopane, Poland.
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Investigation of Flow Phenomena in Electrolytic Cells
Residence time distributions were measured for the first time during a
running electrolysis process using Laser Induced Fluorescence (LIF)
visualisation. It was found that the average residence time of the liquid
is not influenced significantly by the electrolysis process. However the
backmixing inside the cell is clearly improved by the electrolytically
generated gas bubbles. The investigations are a basis to optimize the
design of the electrolytic cell as well as the operational parameters.
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Magneto-Hydrodynamics
Magneto-Hydrodynamics investigates the interaction of electrically conducting fluids (liquid
metals and semiconductors, electrolytes) with magnetic fields. In various applications, the use
of magnetic fields provides a comfortable contact-less possibility to control the transport
processes in such melts. Moreover, problems as MHD turbulence, the homogeneous dynamo
or the magnetorotational instability are the subject of intense basic research.
A. Cramer,
I. Grants,
J. Pal,
Ch. Zhang,
S. Eckert,
G. Gerbeth

Basics of MHD flows and Experiments at MULTIMAG
The combination of azimuthal flow driving (rotating magnetic field –
RMF) and poloidal flow driving (travelling magnetic field – TMF)
provides a variety of interesting flow configurations in a cylindrical cell.
The most attractive feature, available in this form only at the
MUILTIMAG facility, consists in the free superposition of both field
types. A suitable combination of RMF and TMF results in flow fields
resembling the main features of tornado flows. Keeping the RMF fixed
and enhancing the TMF, lead to the occurrence of an intense swirl in the
cylindrical cavity. An unexpected reversal of the flow direction on the
axis was observed for intermediate values of the TMF as it is also
Supported by DFG known for tornado-like flows.
K. Timmel,
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G. Gerbeth

Facility CONCAST for Steel Flow Modelling
The facility CONCAST was built up and started operation at the end of
2008. This new liquid metal loop works with a tin-bismuth alloy. It
represents a model of the continuous steel casting process, in particular
of the related flow in the nozzle and in the mold. In parallel, a much
smaller facility using the room-temperature melt GaInSn was installed
and put into operation. First tests were performed with an external
steady magnetic field located at the mold and with the introduction of
argon gas bubbles into the nozzle. The reconstruction of the velocity
field in the mold by a fully contactless magnetic tomography was
experimentally demonstrated and resulted in a patent aiming at the
Supported by DFG realistic steel case.
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X-ray Analysis of Gas Bubble Motion in Metal Melts
Systematic X-ray visualizations of the gas bubble motion in a liquid
metal were performed. In parallel, the same configuration was also
studied in a water-gas flow. Compared to water, the injection of gas
bubbles into the metal melt depends strongly on the wetting conditions
at the injection nozzle. Due to the much larger surface tension of the
metal melt, the bubbles tend to have a more spherical shape. For the
same gas flow rate, larger bubbles arise in the metal melt compared to
water and bubble coalescence is reduced.

Th. Gundrum,
F. Stefani,
G. Gerbeth

Experiments on the Magneto-Rotational Instability (MRI)
The experiments at the improved set-up PROMISE-2 fully confirmed
the theoretical figure that indeed a global magneto-rotational-instability
is observed, and not only a noise-triggered convective instability. The
reduced Ekman pumping by the splitted end plates resulted in a very
Supported by WGL good agreement between the measurements and the related
computations.
and DFG
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Development of New Contactless Flow Rate Sensors
Exact flow rate measurements at liquid metal duct flows and their
calibration are a notorious problem for all liquid metal loops.
Commercially available sensors rely on an electrode contact to the fluid
which in case of liquid metal flows cannot be used due to unknown
corrosion processes at the electrodes. Two fully contactless solutions
have been developed. The first one works with an alternating magnetic
excitation field and measures the flow induced magnetic field phase shift
at two magnetic field sensors. The second one uses a rotating permanent
magnet the rotation rate of which is directly proportional to the flow
rate. The latter works in an equilibrium state between the rotating
magnet and the duct flow, which makes the signal independent on the
melt temperature. This is of particular value for liquid metal loops with
strong temperature gradients as they occur, e.g., in spallation targets.
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Transient Two-Phase Flow Test Facility TOPFLOW
The TOPFLOW (Transient TwO Phase FLOW) test facility is one of the major research
facilities at Forschungszentrum Dresden – Rossendorf. It is mainly used for the investigation
of generic and applied steady state and transient two-phase flow phenomena in either steamwater or air-water mixtures. TOPFLOW has a maximum heating power of 4 MW and allows
operation at pressures up to 7 MPa and temperatures up to 285°C in pipes and vessel
geometries of industrial relevance. It has become the experimental reference facility of the
German CFD (Computational Fluid Dynamic) Research Alliance. Since 2006, two major
research projects are run at the TOPFLOW facility. One is a BMWi funded project aiming at
the development and validation of CFD models for disperse and stratified two-phase flows
with heat and mass transfer. Within this project a series of novel two-phase flow experiments
are conducted at TOPFLOW in different test sections. Furthermore, an international consortial
project is run dedicated to the investigation of thermal hydraulic phenomena in a pressurised
thermal shock scenario (PTS). Additionally, a smaller industry project for the test of a steam
nozzle prototype during critical steam flow was conducted.
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Stratified Two-Phase Flow Experiments in the Hot Leg Model of a
Pressurized Water Reactor during Loss of Coolant Accident
Conditions
In 2008 the co-current and counter-current steam/water flow
experiments at pressures of 1.5, 3.0 and 5.0 MPa and saturation
conditions were completed. Thereby, the new pressure tank technology
was successfully used. For the first time worldwide, large-scale video
observation of steam/water flow up to 5 MPa and 262°C through a
0.48 m² glass window was performed with a high-speed video camera.
The recorded image sequences are an important contribution to CFD
code validation.
As first step frequency distributions of the water level in the reactor
pressure vessel simulator were calculated, which allow a good
comparison between the experiments and CFD calculations. An
important result of the comparison of the flooding characteristics of the
hot leg model obtained for the fluid combinations air/water and
steam/water under different pressures was the conclusion that the classic
Wallis parameter fails to correlate the data properly. Finally, it was
found that this effect was attributed to the dynamic viscosity of the
fluids and an accordingly modified parameter was proposed which
provides a good correlation over all the experimental data.
Two Phase Flow Experiments in the Vertical Test Section DN200
with Heat and Mass Transfer
The modification of the test section “Variable Gas Injection” and the
installation of the pressure relief pipe were completed. Furthermore, the
degassing system of the electrical heater and the test section circuit was
assembled. After structural and pressure tests the extended test section
was accepted by the technical authority. Moreover, the installation of
additional process instrumentation and the modification of the process
control system for the condensation and de-pressurization experiments
were finished, too.
In 2008, the assembly of two new designed high temperature wire-mesh
sensors was started for the 200 mm vertical test section. Furthermore,
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flow metering devices for saturated water and steam in the test section
circuit were partly replaced or newly calibrated in order to meet the
accuracy requirements in this test series.
Experiments with a New Vertical Test Tube DN50 using Fast X-Ray
Tomography
The ultra fast X-ray tomograph and the special DN50 test section (Tialloy) for the investigation of upward two-phase flows were prepared for
experimental operation. For that, the required measures for radiation
protection were implemented, the electron beam monitoring was
improved and the vertical positioning equipment was put into operation.
After a vibration check of the DN50 test section, the tube was fixed at
additional positions outside the tomography area for vibration damping.
By the end of 2008, an improved gas injection device, which allows the
controlled generation of small bubbles, was mounted at the lower end of
the vertical tube.
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TOPFLOW – PTS (Thermal Hydraulics at Pressurized Thermal
Shock)
In this project, thermal hydraulic phenomena are investigated occurring
in an emergency core cooling scenario in pressurized water reactors
during loss of coolant accidents. Therefore, comprehensive test series
will be perform in the TOPFLOW pressure tank up to the maximal
pressure of 5 MPa using the pressure equilibrium technology. In 2008,
the basic components of the horizontal test rig were manufactured and
assembled. Moreover, all special sensors, such as thermo-probe lances,
wire mesh sensors, thermo-void needle probes, high speed video
imaging and infrared imaging were manufactured or put into
synchronous operation. The installation of the required media supply
and return system between the TOPFLOW facility and the pressure tank
Supported by
was completed and accepted by the technical authority.
CEA, EDF,
AREVA NP France, The technical project committee decided on the measurement
configurations and the first test matrix proposals were elaborated.
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Investigation of Critical Steam Flow through a Prototype Nozzle
Within an industrial project for NAM, the experimental investigation of
the thermal hydraulic characteristics of a prototype steam nozzle was
carried out for critical flow of saturated steam up to 7 MPa. The
obtained results showed a very good agreement with numerical precalculations of NAM.
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Bruchmechanische Untersuchung eines Reaktordruckbehälters bei einem Thermoschock
05 June 2008
Prof. S. Taniguchi (Graduate School of Environmental Studies, Tohoku University
Sendai/Japan)
Some applications of EPM to make environment friendly material processing
31 July 2008
Dr. U. Birkenheuer
Ratentheoretische Modellierung der Entwicklung bestrahlungsinduzierter Defekte in
Reaktorstählen
11 September 2008
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Dr. G. Laczko (Vattenfall Europe)
Simulation des Boreinspeisesystems und seiner Reaktivitätswirksamkeit in einem
Siedewasserreaktor (SWR)
25 September 2008
I. Clifford (Pebble Bed Modular Reactor Pty. Ltd., South Africa)
Overview on the Pebble Bed Modular Reactor Project with regards to analysis software
requirements
29 September 2008
Dr. U. Rohde, T. Höhne
Entwicklung von Analysetools für WWER-1000 Reaktortransienten mit räumlicher
Veränderung der Temperatur bzw. Borkonzentration am Kerneintritt
09 October 2008
St. Wissel (IER Stuttgart)
Die Bedeutung der Kernenergie im Hinblick auf eine nachhaltige Energieversorgung und in
liberalisierten Energiemärkten
23 October 2008
Dr. D. G. Schowalter (Alden Research Laboratory)
On the coupling of CFD computed debris transport and experimental sump strainer head loss
tests for nuclear power plant ECCS performance evaluation
03 November 2008
Dr. D. Lakehal (Lecturer at ETH Zürich, General Manager ASCOMP GmbH Zürich)
State of the art in the simulation of multi-phase and complex fluid dynamics
12 November 2008
Prof. T. Schulenberg (Forschungszentrum Karlsruhe)
Flüssigmetall in der Kerntechnik: Ergebnisse aus dem KALLA-Labor)
20 November 2008
K. Ozanyan (University of Manchester)
Tomography Imaging at THz Frequencies
08 December 2008
Dr. M. Schmidtke, V. Danciu
Experimente und Modellierung zum Impinging Jet
18 December 2008
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Lecture courses
Frank-Peter Weiß
Zuverlässigkeit und Sicherheit technischer Systeme
TU Dresden, Fakultät Maschinenwesen
Summer semester 2008 and winter semester 2008
Matthias Werner
Zuverlässigkeit und Sicherheit technischer Systeme
TU Dresden, Fakultät Maschinenwesen
Summer semester 2008 and winter semester 2008
Udo Rindelhardt
Erneuerbare Energien I und II
Technische Universität Chemnitz, Fakultät für Elektrotechnik/Informationstechnik
Summer semester 2008 and winter semester 2008
Uwe Hampel
Computertomographie in der Medizin und Prozessdiagnostik
TU Dresden, Fakultät Elektro- und Informationstechnik
Summer semester 2008 and winter semester 2008
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Departments of the institute

Directorate
Prof. Dr. Frank-Peter Weiss
Tel.: (0351) 260 3480

Dpt.
Accident Analysis

Dpt.
Magneto-Hydrodynamics

Dr. U. Rohde
Tel.: (0351)260 2040

Dr. G. Gerbeth
Tel.: (0351) 260 3484

Dpt.
Materials and
Components Safety

Dpt.
Experimental Thermal
Fluid Dynamics

Dr. E. Altstadt
Tel.: (0351) 260 2276

Dr. U. Hampel
Tel.: (0351) 260 2772

Forschungszentrum Dresden-Rossendorf e.V.
Institut für Sicherheitsforschung
Postfach 51 01 19
D- 01314 Dresden
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Talati, Minaben Dr.
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Bilodid, Yuri
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Technical Staff
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Bombis, Doris
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